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Investigation  of  refractometer  measurements  in  the  atmosphere 
at  high  relative  humidities  and  temperatures 


ABSTRACT 


Two  techniques  for  the  precise  measurement  of  changes  in  air  refractivity 
within  the  troposphere  are  examined  in  the  present  study.  These  are  the 
microwave  refractometer  which  uses  a  ventilated  metal  cavity  as  the  sensing 
element,  and  the  Hay  refractometer  whose  sensing  element  is  an  air  capacitor. 
The  effects  of  water  vapour  adsorption  and  condensation  upon  the  sensing 
elements  of  these  instruments  at  high  relative  humidities  make  the  interpre¬ 
tation  of  such  soundings  uncertain,  in  view  of  the  conflicting  evidence  of 
previous  workers.  This  report  describes  a  laboratory  study  of  the  interaction 
between  the  refractometer  sensors  and  the  air  humidity. 

Preliminary  measurements  upon  the  adsorption  of  water  vapour  on  isolated 
quarts  and  invar  plates  have  been  carried  out  with  the  aid  of  an  optical 
ellipsometer.  With  a  ventilation  speed  of  800  feet  per  minute,  the  depth 
of  the  adsorbed  layer  on  flat  quartz  plate  increased  as  relative  humidity 
increased  beyond  20  percent;  the  increase  became  very  rapid  and  erratic  for 
relative  humidities  greater  than  50  percent.  However,  no  detectable  adsorption 
was  found  on  the  flat  invar  plate,  for  relative  humidities  up  to  saturation. 

An  experimental  wind  tunnel  of  special  design  was  constructed  to  provide 
a  controlled  environment  for  further  adsorption  studies.  This  tunnel  contains 
a  homogeneous  jet  of  volume  8  cubic  feet,  in  which  wind  speed  is  approximately 
800  feet  per  minute,  and  in  which  temperature  is  variable  between  -20°C  and 
+50°C  for  relative  humidities  variable  up  to  saturation,  at  surface  atmos¬ 


pheric  pressure. 


The  refractive  index  of  the  air  in  the  jet  was  ascertained  from  measure¬ 
ments  of  wet-  a  ad  dry-bulb  temperatures  and  air  pressure.  A  hygrometer  was 
developed  for  this  purpose  to  indicate  temperature  with  a  precision  of  -0.01°C. 
Air  refractivity  was  computed,  with  an  accuracy  of  one  part  in  10^  through 
the  Wexier-Brombacher  form  of  the  psychrometric  equation  and  the  Smith-Weintrauo 
form  of  the  Debye  equation.  This  information  was  compared  with  the  refracto- 
mcter  indications,  as  relative  humidity  was  varied  for  different  fixed 
temperatures. 

It  has  been  found  that  adsorption  occurs  at  high  relative  humidities 
in  both  the  microwave  refractometer  cavity  and  in  the  Hay  refractometer  sensor, 
in  amounts  which  cause  apparent  refractivity  errors  well  in  excess  of  one  part 
per  million.  In  the  former,  the  apparent  error  increases  approximately 
linearly  with  vapour  pressure,  beginning  at  a  minimum  relative  humidity  whose 
v^lue  depends  upon  the  air  temperature:  in  the  latter,  the  apparent  error 
increases  non-linearly  with  vapour  pressure,  beginning  at  approximately 
50  percent  relative  humidity  for  a  wide  range  of  air  temperatures.  The 
a  ount  of  refractivity  error  in  the  capacitor-type  sensor  decreases  with 
decreasing  amount  of  quartz  in  the  capacitor:  a  further  decrease  in  error 
results  from  the  application  of  some  types  of  hydrophobic  materials  to 
the  sensor  surface.  A  significant  improvement  in  the  capacitor  sensor  has 
been  obtained  by  elimination  of  the  quartz  spacers  and  by  coating  the  invar 
surface  with  beeswax.  It  is  suggested  that  the  process  of  water  vapour 
adsorption  on  metals  is  governed  by  the  electric  field  intensity  at  the 
surface,  and  that  this  may  account  for  the  difference  in  behaviour  of  the 
microwave  cavity  and  the  improved  capacitor-sensor  at  high  relative  humidities. 
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1.  Introduction 

Irregularities  in  the  refractive  index  of  the  troposphere  are  important 
to  various  aspects  of  radio  wave  transmission.  It  has  been  found,  for  example, 
that  the  frequency  spectrum  of  a  radio  signal  is  broadened  by  the  multi-path 
nature  of  the  propagation  through  atmospheric  turbulence  (Chapman,  Heikkila 
and  Hogarth  1957;  Bugnolo  1959).  The  same  type  of  atmospheric  inhomogeneity 
is  capable  of  broadening  the  beam  width  of  a  high-gain  radio  antenna  (Booker 
and  de  Bettencourt  1955;  Waterman  1958);  Muchmore  and  Wheelon  (1955)  have 
shown  theoretically  that  the  atmospheric  inhomogeneities  will  introduce 
fluctuations  in  the  phase  of  the  radio  signal  at  the  radio  antenna.  The 
apparent  position  of  a  target,  as  observed  by  a  precision  radar,  will 
fluctuate  about  a  mean  direction  because  of  these  changing  inhomogeneities 
in  the  atmosphere  (Hay,  Storey,  et.  al.  1958;  Wong  1958);  Anderson,  Beyers 
and  Rainey  (1960)  have  demonstrated  that  the  precision  of  target  location 
by  a  tracking  radar  is  improved  in  direct  proportion  to  the  quality  of  the 
information  on  the  refractive  index  of  the  atmosphere. 

A  source  of  annoyance  to  the  operators  of  sensitive  radars  is  the 
unpredictable  reflection  of  radar  waves  from  these  atmospheric  irregularities 
(Plank  1956,  1959).  Yet  another  example  is  the  limitation  upon  the  accuracy 
with  which  distances  may  be  measured  by  radio  techniques  (Smith  1960)  as 
imposed  by  atmospheric  irregularities:  Thompson,  Janes  and  Kirkpatrick  (1960) 
have  shown  that  the  apparent  length  of  a  radio  path  fluctuates  in  association 
with  measured  changes  of  the  refractive  index.  A  study  of  the  distribution 
of  water  vapour  and  heat  within  turbulent  eddies  near  the  ground  also  provides 
information  that  is  important  to  the  limitation  on  precision  of  microwave 
surveying  techniques  (Hay  and  Pemberton  1962). 
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It  is  only  within  recent  years  that  information  on  atmospheric 
inhomogeneities  has  become  available.  Changes  in  the  refractive  index  of 
the  air  that  are  of  the  order  of  one  part  in  one  million  may  occur  over 
distances  that  range  from  several  tens  of  meters  to  only  a  few  centimeters 
(see,  for  example,  Crain  1955).  Although  the  physical  form  of  these 
irregularities  has  not  been  established,  studies  of  microwave  radar  angels 
have  suggested  that  at  least  some  of  these  inhomogeneities  are  essentially 
flat  over  horizontal  distances  of  several  meters,  and  are  no  more  than  a 
few  centimeters  in  vertical  depth  (Hay  and  ?eid  1962;  Hay,  Bell  and  Johnston 
1962).  Furthermore,  these  irregularities  in  refractive  index  may  persist 
for  periods  as  long  as  several  tens  of  minutes  or  as  little  as  a  fraction 
of  a  second. 

It  is  apparent  that  special  techniques  are  required  for  the  direct 
measurement  of  refractive  index  of  these  inhomogeneities.  Bean  and  Dutton 
(1961)  and  Wagner  (1961)  have  indicated  that  conventional  radiosonde 
equipment  is  incapable  of  indicating  the  small-scale  structure  of  the 
troposphere.  However,  several  techniques  of  direct  measurement  are  capable 
of  indicating  the  small  fluctuations  in  refractive  index  that  are  referred 
to  above.  One  of  these  is  the  microwave  refractometer  which  has  provided 
most  of  the  existing  information  on  the  refractivity  fluctuations  within 
the  troposphere  (Birnbaum  1950;  Crain  1950).  A  second  technique-  employs 
small  bead  thermistors  to  indicate  the  wet-  and  dry-bulb  temperatures 
(Hirao  and  Akita  1957,  Crozier  1958,  and  Theisen  and  Gossard  1961)  A 
third  method  uses  an  air  capacitor  tc  indicate  the  refractive  index  of  the 
air  that  passes  between  its  plates  (Hay,  Martin  and  Turner  1961). 

Numerous  studies  have  been  made  upon  these  newly  developed  instruments 
tc  remove  their  undesired  limitations.  In  the  microwave  refractometer, 
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Adey  (1957),  Thompson,  Freethey  and  Waters  (1959)  and  Thorn  and  Straiten 
(1959)  have  designed  well-ventilated  sensing  cavities.  Techniques  for 
introducing  temperature  compensation  into  the  sensing  cavity  have  been 
examined  by  Thompson,  Freethey  and  Waters  (1958),  and  by  Crain  and  Williams 
(1957).  Reduction  in  the  weight  of  the  bulky  apparatus  that  is  associated 
with  the  microwave  refractometer  has  been  achieved  by  Thompson  and  Vetter 
(1958)  and  recently  -.n  a  UHF  refractometer  by  Deam  (196?).  Sargent  (1959) 
and  Vetter  and  Thompson  (1962)  have  modified  the  refractometer  circuit  to 
improve  upon  its  long-term  stability. 

Some  limitations  in  these  new  techniques  require  further  study.  For 
example,  the  spatial  resolution  of  the  microwave  refractometer  is  limited 
to  approximately  two  feet  (Cunningham,  Plank  and  Campen  1956)  although 
theoretical  considerations  suggest  that  the  resolution  should  be  somewhat 
better  than  this  (Hartman  1960).  The  thermistor  technique  is  limited  by 
the  thermal  lag  of  the  sensing  elements,  which  lies  between  0.1  and  3  seconds; 
the  interpretation  of  the  measurements  at  sub-freezing  levels  with  the 
troposphere  also  requires  further  study.  In  the  capacitor-type  refractometer, 
the  authors  have  measured  fluctuations  in  refractive  index  over  distances 
as  small  as  a  few  centimeters;  the  time-constant  of  this  refractometer  is 
limited  by  the  recording  equipment  to  0.01  second. 

One  aspect  of  these  refractometer  techniques  which  requires  further 
study  is  their  response  to  an  environment  of  high  relative  humidity  and 
temperature.  It  has  been  known  for  many  years  that  the  apparent  capacitance 
of  an  air  condensvr  differs  from  its  theoretical  capacitance  in  conditions 
of  high  relative  humidity.  Since  an  air  capacitor  is  the  sensing  element 
in  the  Hay  refractometer,  it  may  be  expected  that  this  physical  phenomenon 
will  affect  the  interpretation  of  the  refractivity  measurements  with  this 
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instrument.  A  question  exists  also  with  regard  to  the  measurement  of 
refractive  index  of  humid  air  by  means  of  the  microwave  ref rac tome ter . 

Some  consideration  has  been  given  to  the  latter  problem,  but  a  more  careful 
study  is  desirable. 

The  purpose  of  the  research  described  in  this  report  is  to  study  the 
measurement  of  refractive  index  of  air  at  high  relative  humidities  and 
temperatures,  with  the  Hay  refractometer  and  the  microwave  ref rac tome ter . 

The  experimental  study  has  been  carried  out  between  1  May  1962  and  30  April 
1963.  A  detailed  statement  of  the  problem  is  presented  in  the  following 
section;  subsequent  sections  present  details  on  the  environmental  test 
chamber  and  its  associated  apparatus,  on  the  calibration  of  the  precision 
temperature  probes,  on  the  experimental  studies  with  the  ref rac tome ter s . 
on  the  auxilliary  experiments  with  an  optical  ellipsometer,  and  on  the 
interpretation  of  these  studies  with  regard  to  refractometer  measurements 
at  high  relative  humidities  and  temperatures. 


-? 


2.  Statement  of  the  Problem 


_  c  _ 


This  section  will  review  the  principle  of  the  capacitor-type  (Hay) 
refractometer  and  the  microwave  refractometer.  Information  on  the  effects 
of  high  relative  humidities  upon  air  capacitors  and  upon  microwave  cavities, 
as  was  available  at  the  beginning  of  this  study,  will  be  suwnarized;  the 
requirements  of  the  present  experiment  then  will  be  indicated. 

2.1  Principles  of  the  Hay  Refractometer  and  the  Microwave  Refractometer 

The  capacitor-type  refractometer  consists  essentially  of  a  resonant 
circuit  as  illustrated  in  Figure  1.  When  the  switch  is  closed  on  the  left, 
the  air  capacitor,  Ca  d  the  inductor  L  form  the  resonant  circuit,  whose 
resonant  frequency,  f,  is  given  by  Equation  (1). 

f  -  - i— -  (1) 

2n  \fl  Ca 

In  operation,  the  switch  periodically  transfers  its  connection  from  the 
capacitor  Ca  to  the  reference  (sealed)  capacitor  Cr.  Comparison  of  the 
oscillator  frequencies  during  the  two  parts  of  the  cycle  permits  a 
comparison  of  the  capacitance  of  the  two  condensers  without  consideration 
of  the  temperature  characteristics  of  the  remainder  of  the  circuit  (Hay, 
Martin  and  Turner  1961). 

The  capacitance  of  the  air-sensing  condenser,  Ca,  is  related  to  its 
capacitance  when  in  vacuum,  C0,  by  Equation  (2). 

ca  -  (  (0  -  n2  co  (2) 

d 

Here  A  is  the  plate  area,  d  is  the  spacing  between  the  plates  of  the 
condenser  and  ( 0  is  the  permittivity  of  a  vacuum.  (  is  the  dielectric 
constant  of  the  air  and  n  is  the  corresponding  refractive  index.  This 
equation  applier  for  a  non-conducting,  non-ferromagnetic  gas  between  the 


l 


-  7  - 


plates  of  the  air  condenser  and  air  in  the  troposphere  may  be  represented 
as  such  a  gas  for  radio  frequencies  below  25,000  Mc/s.  (Stratton,  1941). 

Equations  (2)  and  (1)  may  be  combined  to  indicate  the  relationship 
between  the  oscillator  frequency  and  the  refractive  index  of  the  air  between 
the  plates  of  the  sensing  capacitor: 

f  -  h  0) 

where  f0  is  the  resonant  frequency  of  the  oscillator  when  the  air  is 
evacuated  from  the  space  between  the  capacitor  plates.  A  change  in  the 
refractive  index  of  the  air  from  unity  (An)  is  associated,  then,  with 
a  change  in  oscillator  frequency  Af,  as  indicated  by  Equation  (4): 

Af  =  -^£|^An  (4) 

It  will  be  noted  that  since  the  refractive  index  of  the  air  in  the 
troposphere  is  always  very  close  to  unity,  the  change  in  refractometer 
signal  frequency  is  directly  proportional  to  the  change  in  refractive 
index  of  the  air. 

It  is  of  interest  here  to  note  the  relationship  between  the  capaci¬ 
tance  of  the  air-sensing  capacitor  and  the  uncondensed  water  vapour  in  the 
air.  A  change  in  this  capacitance,  A Ca,  is  related  to  a  change  in  the 
refractive  index  of  the  air, An,  by  Equation  (5): 

ACa  =  (2n  C0)  An  (5) 

In  turn,  the  refractive  index  is  governed  by  the  total  air  pressure,  p, 
the  air  temperature,  T,  and  the  partial  pressure  of  water  vapour,  e,  of 
the  air  through  Equation  (6): 


n  1 


4 


(6) 
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The  values  of  the  constant  coefficients  A  and  B  are  not  universally 
accepted  at  the  present  time,  but  the  following  values  are  in  conmon  usage: 

A  -  7.76  x  10-5 
B  0.373 

when  pressures  are  expressed  in  millibars  and  temperature  is  in  degrees 
Kelvin  (Bean  1962).  For  normally  encountered  air  temperatures  and  pressures 
in  the  troposphere,  (i.e.  when  p  is  of  the  order  of  one  thousand  millibars 
and  T  is  of  the  order  of  300°K),  Equation  (6)  shows  that  a  change  in 
refractive  index  jf  the  air  is  approximately  linearly  related  to  a  change 
in  the  part.Ul  ^pour  pressure  of  the  air,  even  at  conditions  approaching 
saturation.  The  small  non-linearity  is  caused  by  the  dependence  of  p  on  e. 
Thus,  Equations  (5)  and  (6)  indicate  that  the  change  in  capacitance  of  the 
air  condenser  should  follow  approximately  linearly  the  change  of  partial 
water  vapour  pressure  of  the  air.  Further  reference  will  be  made  to  this 
relationship  in  the  next  section. 

A  similar  relationship  exists  in  the  microwave  refractometer.  The 
sensing  device  in  this  instrument  is  a  ventilated  microwave  cavity,  in 
which  the  resonant  frequency  is  a  measure  of  the  refractive  index  of  the 
air  within  the  cavity  (Birnbaum  1950,  Crain  1950).  Slater  (1946)  has 
shown  that  the  resonant  frequency  of  the  microwave  cavity,  f,  is  related 
to  its  resonant  frequency  when  evacuated,  f0,  by  Equation  (3).  Then 
Equation  (4)  also  holds  for  the  microwave  refractometer,  and  from  Equations 
(4)  and  (6)  it  may  be  seen  that  the  change  in  microwave  refractometer  signal 
frequency,  Af,  is  almost  linearly  related  to  a  change  in  the  partial 
vapour  pressure  of  the  air  under  standard  conditions. 

2.2  Anomalies  at  High  Relative  Humidities 

Measurements  with  the  capacitor-type  refractometer  have  deir  nstrated 
its  flexibility  and  its  high  degree  of  spatial  resolution.  When  the 
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instrument  is  borne  aloft  by  a  standard  meteorological  balloon,  and  is 
tethered  to  a  ground  point,  the  vertical  profiles  of  air  refractivity  in 
the  lower  troposphere  may  be  obtained  repetitively  at  intervals  of  only 
a  few  minutes.  Further,  as  the  sample  profiles  in  Figure  2  indicate,  the 
instrument  is  capable  of  resolving  fluctuations  in  refractivity  over  height 
intervals  as  small  as  only  a  few  inches.*  The  large  change  in  refractivity 
at  a  height  of  about  33  feet  was  indicated  when  the  rcfracto^ter  ascended 
at  its  normal  rate  of  one  thousand  feet  per  minute  just  above  a  condensation 
stratum.  A  question  arises  as  to  the  interpretation  of  these  indicated 
changes  in  refractivity,  when  the  refractometer  encounters  air  whose  humidity 
approaches  saturation. 

The  reason  for  the  uncertainty  under  conditions  of  high  relative 
humidity  is  indicated  by  the  results  of  previous  studies.  In  1919,  Jona 
reported  that  the  capacitance  of  an  air  condenser  did  not  follow  the 
predictions  of  Equations  (2)  and  (6)  above.  The  apparent  capacitance 
was  greater  than  the  theoretical  capacitance  by  an  amount  which  increased 
as  the  relative  humidity  increased.  Zahn  (1926)  investigated  this  anomaly, 
and  concluded  that  the  departure  was  due  to  the  adsorption  of  water  vapour 
upon  the  condenser  plates.  The  adsorbed  layer  increased  in  depth  with 
increasing  vapour  pressure  of  the  ambient  air,  to  a  marimum  of  about  200 
molecule  diameters. 


tftfote:  These  refractivity  profiles  have  been  obtained  through  a  research 
program  supported  by  the  Defence  Research  Board  of  Canada,  Grant 


Number  2801-12. 
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A  detailed  study  of  this  anomaly  in  air  capacitors  was  continued  by 
Stranathan  (1935).  He  considered  three  possible  mechanisms  for  this  increase 
in  apparent  capacitance:  the  association  of  water  vapour  molecules,  increased 
polarisation  due  to  the  adsorption  of  water  vapour  upon  the  capacitor  plates, 
and  a  change  in  the  conductivity  of  the  surfaces  of  the  capacitor  insulator. 
Stranathan  concluded  that  the  anomaly  is  attributed  to  the  added  polarization 
that  is  contributed  by  water  vapour  adsorbed  upon  the  surfaces  of  the  insulators 
within  the  condenser.  Ford  (1948)  used  the  results  of  measurements  upon 
precision  air  condensers  to  support  this  suggestion.  The  capacitance  anomaly 
increased  with  increasing  relative  humidity  of  the  environment  beyond  30  percent. 
The  effect  associated  with  adsorption  upon  the  condenser  plates  decreased 
with  increasing  plate  separation;  while  the  effect  that  is  associated  with 
adsorption  upon  the  insulators  varies  with  the  di  nsions  of  the  exposed 
surfaces.  Veith  (1960)  has  provided  further  information  upon  the  penetration 
of  moisture  into  various  dielectrics  within  capacitors,  as  a  function  of  the 
ambient  humidity,  temperature,  elapsed  time  of  exposure,  and  dielectric 
material. 

The  allied  problem  of  water  vapour  adsorption  in  the  sensing  cavity 
of  the  microwave  ref rac tome ter  also  has  received  some  attention.  Essen  and 
Froome  (1951),  in  commenting  upon  Stranathan*s  earlier  work,  indicated  that 
there  was  disagreement  among  various  workers  in  optical  studies  upon  the 
depth  of  the  adsorbed  layer.  They  argued  that  the  effects  of  water  vapour 
adsorption  in  the  microwave  cavity  of  their  refractometer  were  negligible 
because  of  the  relatively  large  volume  of  the  cavity  with  respect  to  the 
volume  of  an  adsorbed  layer.  They  noted  that  their  suggestion  is  supported 
by  the  good  agreement  between  their  measurements  upon  the  dielectric  constant 
of  moist  air  and  the  results  of  others  as  obtained  by  different  methods. 


In  1952,  Birnbaum  and  Chatter jee  reported  that  no  anomalies  in  the 
dielectric  constant  of  moist  air  were  observed  in  measurements  with  their 
microwave  ref rac tome ter,  for  relative  humidities  up  to  90  percent.  They 
suggested  that  although  water  vapour  may  be  adsorbed  upon  the  cavity  walls, 
the  effect  would  be  negligible  upon  the  cavity  resonant  frequency  because 
the  electric  field  vanishes  at  the  cavity  walls.  Three  years  later, 

Birnbaum  and  Bussey  (1955)  noted  that  a  microwave  cavity  removes  a  negligible 
amount  of  water  vapour  from  still  air  through  adsorption  of  the  water  vapour 
upon  its  surfaces.  However,  they  suggested  that  condensation  and  evaporation 
of  water  upon  the  cavity  surfaces  when  the  ambient  air  is  saturated  may 
have  a  significant  effect  upon  the  indication  of  the  dielectric  constant 
of  the  air. 

The  need  for  a  careful  study  of  refractometer  measurements  under 
conditions  of  high  relative  humidity  is  apparent.  The  sensitivity  of  the 
capacitor-type  refractometer  provides  a  means  of  examining  the  adsorption 
of  water  vapour  within  the  sensing  capacitor,  with  a  high  degree  of  precision. 
Since  the  previously  reported  studies  have  applied  to  stationary  ambient 
air  at  the  capacitor,  it  is  important  that  the  present  study  be  extended 
to  include  air  motion  through  the  sensing  elements  at  the  rate  normally 
encountered  during  a  sounding.  Further,  the  instrumentation  for  this  study 
also  will  provide  a  means  of  examining  further  the  effects  of  water  vapour 
adsorption  and  condensation  upon  the  walls  of  the  microwave  refractometer 
cavity. 

2 . 3  Experimental  Techniques  for  Studying  Adsorption  and  Condensation  Effects 

Two  approaches  have  been  followed  in  studying  adsorption  and  conden¬ 
sation  effects  in  the  refractometers .  Attention  here  is  concentrated  upon 
the  sensing  elements  of  these  instruments,  and  upon  their  interaction  with 
water  vapour  in  the  air  at  temperatures  above  freezing. 
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(a)  Optical  Ellipsometer 

This  technique  uses  polarized  monochromatic  light  to  determine  the 
depth  of  an  adsorbed  layer  upon  the  surface  of  a  solid  material.  An 
incident  polarised  beam  of  light  is  reflected  first  from  the  uncontaminated 
surface,  and  the  polarization  of  the  reflected  light  is  determined  by  an 
analyser.  Then  the  surface  of  the  material  is  exposed  to  water  vapour  in 
the  air,  under  appropriate  conditions,  and  the  resultant  change  in  polari¬ 
zation  of  the  reflected  light  is  observed.  The  depth  of  the  adsorbed  layer 
upon  the  material  is  determined  from  these  measurements  and  a  calibration. 

The  effects  of  ventilation,  changes  in  relative  humidity  and  temperature 
are  studied,  for  the  metals  and  dielectrics  that  are  used  in  the  refractometer 
sensors.  This  technique  and  the  experimental  study  will  be  described  in 
more  complete  detail  in  Section  6. 

(b)  The  Experimental  Wind  Tunnel 

This  technique  provides  an  environment  for  the  refractometers  which 
is  similar  in  many  respects  to  those  found  during  a  normal  sounding.  In 
the  test  volume  of  the  wind  tunnel,  the  air  speed  is  approximately  one 
thousand  feet  per  minute,  as  found  during  normal  ascents  of  a  radiosonde 
instrument  (Middleton  and  Spilhaus  1953,  Chapter  VII).  The  temperature 
and  relative  humidity  of  the  air  within  the  test  volume  are  uniform;  the 
temperature  is  variable  between  -2C°C  and  50°C,  while  the  relative  humidity 
may  be  changed  from  10  to  100  percent.  Practical  design  limitations  have 
required  that  the  air  pressure  be  maintained  at  surface  atmospheric. 

The  refractive  index  of  the  air  within  the  test  volume  is  determined 
by  special  instruments.  Precise  thermometers  of  the  platinum  wire  type  have 
been  constructed  and  calibrated  to  measure  wet  -  and  dry-bulb  temperatures. 

From  these,  and  the  observed  air  pressure,  the  refractive  index  of  the  air 
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within  the  test  volume  is  calculated  with  a  precision  of  one  part  in  one 
million;  this  information  then  may  be  compared  with  the  refractivity  of 
the  air  in  this  chamber  as  indicated  by  the  capacitor- type  refractometer 
and  the  microwave  refractometer. 

This  technique  provides  a  more  precise  method  of  studying  adsorption 
effects  than  the  optical  ellipsometer.  After  the  thermal  coefficients  of 
expansion  of  the  sensors  in  the  capacitor  type  and  the  microwave  refracto- 
meters  have  been  determined,  the  true  and  indicated  refractivities  are 
observed  for  various  modifications  of  the  refractometer  sensing  elements 
and  for  a  wide  range  of  air  temperatures  and  relative  humidities. 

The  results  of  both  of  the  above  procedures  are  applied  to  the 
interpretation  of  water  vapour  adsorption  effects  on  the  sensing  elements. 
The  implications  of  this  study  upon  the  design  of  the  refractometer  sensing 
element  will  be  considered. 
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3.  The  Experimental  Wind  Tunnel 

An  experimental  wind  tunnel  has  been  designed  and  constructed  to 
provide  a  controlled  environment  for  the  refractometers.  Since  the  Hay 
refractometer  ascends  at  a  rate  of  approximately  one  thousand  feet  per 
minute  during  a  normal  sounding,  this  ventilation  speed  has  been  adopted 
in  the  wind  tunnel.  The  volume  of  the  test  chamber  must  be  adequate  to 
receive  the  refractometer  and  other  test  probes.  It  is  desirable  that 
the  wind  speed,  air  temperature  and  relative  humidity  within  the  test 
volume  be  maintained  as  uniform  as  possible.  No  attempt  has  been  made  to 
change  the  air  pressure  within  the  test  volume  from  surface  atmospheric, 
since  changes  in  air  pressure  are  of  only  minor  importance  to  changes  in 
air  refractivity. 

The  range  of  control  of  conditions  within  the  test  volume  exceeds 
that  as  specified  in  the  requirements  for  this  study.  Air  temperature  is 
variable  between  -20°C  and  50°C,  while  relative  humidity  may  be  varied  from 
10  to  100  percent.  The  flow  of  air  is  essentially  uniform  throughout  the 
test  volume. 

A  Prandtl-type  wind  tunnel  with  single  return  channel  has  been  chosen 
as  the  most  practical  form  for  this  experiment.  The  tunnel  has  a  square 
cross  section,  and  air  is  circulated  by  a  constant-speed  fan.  The  air 
temperature  is  varied  by  an  electric  heater  and  by  a  refrigeration  coil. 

Steam  injection  and  a  dehumidifier  refrigeration  coil  are  used  to  vary 
the  air  humidity.  Although  not  required  for  the  present  experiment, 
provision  has  been  made  for  a  rapid  change  in  the  air  temperature  of  the 
test  volume,  through  the  use  of  a  by-pass  system  at  the  settling  chamber. 


(a)  The  Test  Section  (Jet) 


A  study  of  the  air  flow  around  a  model  of  the  Hay  refractometer  has 
been  carried  out  by  Martin  (1961).  These  observations  are  summarized  in  the 
photographs  of  Figure  3.  In  Figure  3(a),  it  will  be  seen  that  the  air, 
which  is  flowing  at  a  speed  of  one  thousand  feet  per  minute,  flows  readily 
through  the  plates  of  the  sensing  capacitor.  The  laminar  flow  of  air  along 
the  baffle  adjacent  to  the  sensing  capacitor  is  indicated  in  Figure  3(b). 
Figure  3(c)  illustrates  the  flow  of  air  around  the  refractometer  in  a  plane 
which  is  perpendicular  to  that  of  the  two  previous  photographs.  Here,  it 
will  be  seen  that  the  air  entering  the  region  between  the  baffle  plates 
is  deflected  away  from  the  instrument. 

It  is  apparent  from  this  study  of  wind  flow,  that  an  open  jet  at  the 
test  chamber  is  desirable.  This  will  provide  a  minimum  of  interference 
with  the  natural  air  flow  about  the  refractometer.  The  open  jet  will  have 
a  cross  section  of  two  feet  by  two  feet  and  an  axial  length  of  two  feet; 
this  test  chamber  will  be  located  without  physical  boundaries  within  a 
four  foot  square  channel  of  the  wind  tunnel. 

The  design  of  the  jet  and  other  sections  of  the  wind  tunnel  is  based 
upon  the  following  considerations.  For  the  air  moving  through  the  jet, 
Volume  of  air  moved  *-  Vj  4000  cu.  ft.  per  minute  (7) 

where  Vj  mean  air  speed  at  the  jet. 

Wj  jet  cross-section  at  the  test  chamber. 

An  indication  of  the  stability  of  the  air  within  the  jet  is  the  Reynolds1 


number  (R.N.j): 

R.N.j 


(») 


forces  of  inertia 
forces  of  viscosity 


Vj_Wj 

V 


2  x  105. 
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(a)  Through  the 

sensing  capacitor 


(b)  Along  the 

baffle  plate 


(c)  Between  the 
baffle  plates 


Figure  3:  Patterns  o:f  air 
flow  around  the 
refractometer 
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where  2/  =  kinematic  viscosity  of  air  ^  1.6  x  1CT4  ft2/sec.  at  room 
temperature  and  surface  pressure.  (Prandtl  1952,  Ch.  III). 
The  largest  cross-section  of  the  wind  tunnel  is  four-feet  square  (W,,^),  from 
practical  considerations.  Here,  the  air  speed  is  250  feet  per  minute  (V^n) 
and  Reynolds*  number  is  given  by  Equation  (9). 


R.N.  =  Ymin  wmax  =  i05  (9) 

It  will  be  noted  that  the  Reynolds*  numbers  for  these  two  critical  sections 
of  the  wind  tunnel  are  less  than  3  x  10^,  indicating  that  turbulent  conditions 
must  predominate  (Pope  1958,  page  108).  Consequently,  ic  is  desirable  that 
turbulence  within  the  jet  (test  chamber)  be  minimized  through  the  appropriate 
design  of  the  settling  chamber  and  the  contraction  cone. 

(b)  The  Contraction  Cone  (Entrance  Cone) 

A  contraction  cone  provides  a  gradual  transition  from  the  large  cross- 
section  of  the  settling  chamber  to  the  small  cross-section  of  the  jet.  This 
cone  reduces  the  longitudinal  fluctuations  in  the  air  speed  of  the  jet, 
according  to  Equation  (10)  (Pope  1958,  Ch.  II) t 


Av 


_J 


L. 

r2  V* 


(10) 


where  Avj  longitudinal  variations  of  air  speed  in  the  jet. 

Avc  longitudinal  variations  of  air  speed  ahead  of  the  entrance  cone 

Ve  ^  mean  wind  speed  ahead  of  the  entrance  cone. 


input  cross-sectional  area  „  . 

r  _  - -  of  the  contraction  cone. 

output  cross-sectional  area 

For  the  contraction  from  the  four-foot  cross-section  of  the  settling 
chamber  to  the  two-foot  cross-section  of  the  jet,  r  4  and  is  250  feet 
per  minute.  Hence, 

AVj  0.25  Ave  (11) 

The  length  of  the  entrance  cone  is  approximately  equal  to  its  cross  section. 
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(c)  The  Settling  Chamber 

This  section  of  the  wind  tunnel  is  located  at  the  input  to  the  entrance 
cone.  Its  axial  length  is  long  compared  with  the  width  of  the  jet,  to  reduce 
the  magnitude  of  the  air  turbulence.  Screens  may  be  inserted  in  the  settling 
chamber  to  reduce  turbulent  fluctuations  in  the  air,  if  desirable.  However, 
these  have  not  been  included  in  the  present  design. 

(d)  The  Return  Passage 

The  power  that  is  associated  with  the  flow  of  air  in  the  wind  tunnel 
is  lost  at  a  rate  which  is  proportional  to  the  cube  of  the  air  speed.  Con¬ 
sequently,  it  is  desirable  to  make  the  air  speed  small  as  rapidly  as  possible 
beyond  the  jet.  Yet  the  expansion  beyond  the  jet  should  not  be  so  great 
that  air  becomes  separated  from  the  walls  of  the  tunnel.  An  expansion  angle 
of  between  eight  and  twelve  degrees  has  been  found  satisfactory  through 
experience  (Pope  1958,  Ch.  II).  In  the  present  tunnel,  the  expansion  angle 
is  8°.  The  use  of  corner  turning  vanes  permits  right-angle  turns  in  the 
direction  of  the  return  passage,  with  little  loss  of  power  (Pope  1958, 

Ch.  II). 

(e)  Power  Losses  in  the  Air  Stream 

Frictional  losses  within  the  wind  tunnel  result  in  a  decrease  in 
static  pressure  along  the  axis  of  flow  (&p).  From  Bernoulli^  equation, 
it  is  found  that 

A  p  K  q  (1.0 

where  K  -  loss  coefficient  for  the  section, 
q  dynamic  pressure  at  the  section. 

Equation  (12)  may  be  applied  to  each  section  of  the  wind  tunnel. 
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The  total  drop  in  static  pressure  around  the  closed  circuit  of  the 
wind  tunnel  may  be  calculated  by  the  Wattendorf  method  (Pope  1958,  Ch.  II), 
This  computation  relates  losses  in  ail  pai  lo  of  the  tunnel  ta  the  dynamic 
pressure  of  the  jet  (qj) : 

Kq/qj  =  -£!  .  3-  -  K  (13) 


When  Equation  (13)  is  applied  to  each  section  of  the  tunnel  separately, 
the  total  drop  in  static  pressure  around  the  closed  circuit  is  given  by 


Equation  (14). 


a>Wl-*j£Ko  11 

The  various  values  of  Kj  for  the  different  sections  of  the  wind  tunnel 


are  listed  in  Table  1: 


TABLE  1 


Summation  of  Losses  About  Closed  Circuit 


Section 


Open  jet 


Formula  (Pope  1958,  Ch.  II] 
K0  X(Ll) 

.  Dj 


and  -±=r  2  log10(R.N.  X  )-0.8 

V  A 

Straight  Section  K0 


0.080 


0.020 


Divergent  Section  K0 


Comers 


- ,  0.6  tan(&)  0.025 

_8  tan  (A)  JV  D24/\D24/ 


0.10 


4.55  (’LL)  C2  x  0.083 

)  R.N,)2-58_  '  d44'  (J2  x  0.035 


(loglO  H 


Contraction  Cone  K0  0.32  X  f— 


(fc) 


Settling  Chamber  (same  as  for  straight  section) 


Total 


0.006 


0.008 

0.375 


(Subscript  J  rel . rs  to  jet  section) 
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where  D  =  tunnel  diameter 
L  -  tunnel  length 
X  -  skin  friction 
R.N.  =  Reynolds1  number 

a  =  divergence  angle  (wall-to-wall) 

Note :  Above  apply  to  circular  cross-sections,  and  are  taken  as  representative 
of  conditions  in  tunnel  with  square  cross-section.  (Guide,  1959). 

Then  the  total  pressure  drop  in  all  tunnel  sections  is  given  by  Equation  (15): 

■W  -  Oj  £  Ko  ■  <i»  V>Oo  <15> 

=  (0.5  x  0.00237  x  172)  x  0.375 
=  0.128  pounds/ft2 
where  p  =  air  density 

To  this  must  be  added  the  estimated  drop  in  pressure  across  the  refrigeration 
coil;  if  this  pressure  drop  is  taken  as  0.11  pounds  per  square  foot,  (a  re¬ 
presentative  value  for  commercial  elements)  the  total  pressure  drop  around 
the  closed  circuit  is  0.24  pounds  per  square  foot.  This  value  may  be 
increased  to  0.3  pounds  per  square  foot  to  account  for  other  losses  within 
the  tunnel  and  the  square  rather  than  circular  cross  section. 

The  energy  ratio  for  the  air  within  the  closed  circuit  is  defined 
through  Equation  (16): 

X  2 

Energy  ratio  =  E.R.  =  *  p  ^  =  1.14  (16) 

^Total 

Hence  the  net  power  required  to  circulate  the  air  is 

Net  power  required  =  ^J_  =  0.34  x  4  x  17  -  0.036  h.p.  (17) 

550  x  E.R.  550  x  1.14 

If  the  efficiency  of  the  electric  motor  which  drives  the  fan  is  0.5,  and 
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the  fan  blade  efficiency  is  taken  as  0.5,  the  required  power  of  the  fan 
motor  is 

Fan  motor  power  -  Net  horsepower,  =  0.036  _  .  0.144  H.P.  (18) 

total  efficiency  0.5  x  0.5 

Thus,  it  is  seen  that  a  0.25  horsepower  fan  motor  should  be  adequate  for 
wind  propulsion  within  the  tunnel.  The  rate  of  rotation  of  the  motor  shaft 
should  be  such  as  to  provide  a  wind  speed  of  approximately  1000  feet  per 
minute  with  a  fan  blade  whose  diameter  is  two  feet.  A  curved,  sheet- 
metal  blaf  is  to  be  used  as  the  propeller. 

3.2  Tunnel  Construction 

The  construction  of  the  low-speed  wind  tunnel  has  followed  the  design 
as  indicated  above.  A  wooden  framework  has  been  used  throughout,  with  ply¬ 
wood  walls  5/8"  in  thickness.  Figure  4  illustrates  the  details  of  construc¬ 
tion  and  the  physic*.  1  dimensions.  It  will  be  noted  that  the  air  channel  is 
square  in  cross  section.  The  air  is  moved  by  a  sheet-metal  fan  which  is 
coupled  directly  to  a  1/3  horsepower  motor.  Ihe  jet  or  test  chamber  is  a 
cubic  volume,  two  feet  to  the  side;  access  to  this  test  chamber  is  provided 
by  an  insulated  door  containing  a  window  of  triple  thickness  Thermopane 
glass.  A  similar  window  is  located  on  the  remote  side  of  the  tert  chamber 
wall,  to  permit  additional  illumination  of  the  jet.  All  inner  surfaces 
of  the  wind  tunnel  are  coated  with  a  layer  of  plastic  varnish  to  provide 
a  moisture  seal  and  a  smooth  boundary. 

The  location  of  other  components  for  the  control  of  air  temperature 
and  humidity  also  is  shown  in  Figure  4.  These  components  will  be  described 
in  more  detail  in  Section  3.5. 


-  24  - 


3*3  Jet  Speed 

The  degree  of  uniformity  in  wind  speed  within  the  jet  has  been 
examined  with  a  hot-wire  anemometer.  For  this  purpose,  a  trolley  system 
has  been  constructed  around  the  jet  volume,  as  illustrated  in  Figure  5. 

A  nylon  cord  that  supports  the  anemometer  probe  may  be  moved  in  three 
dimensions  by  a  pulley  system  that  is  controlled  by  electric  motors  and 
a  crank.  All  measurements  upon  the  jet  are  made  with  the  access  door 
closed. 

Information  on  the  wind  speed  within  the  jet  has  been  obtained 
with  an  Alnor  Thermo-anemometer,  type  8500,  serial  number  330*  accurate 
to  ±5  feet  per  minute.  Profiles  of  the  wind  speed  have  been  obtained 
for  planes  which  are  perpendicular  to  the  jet  axis,  and  separated  by 
axial  distances  of  two  inches.  Figure  6  illustrates  the  wind  speed 
profiles  in  three  of  these  planes.  It  will  be  noted  that  the  mean  wind 
speed  is  808  feet  per  minute,  and  that  the  variation  in  wind  speed  about 
this  mean  is  within  3  percent  over  most  of  the  cross-section  of  the  jet, 
3.4  Thermodynamic  Design 
(a)  The  Cooling  Load 

Cooling  of  the  air  within  the  wind  tunnel  is  obtained  through  a 
conmercial  refrigeration  unit.  The  principal  contributors  to  the  heating 
of  the  air  within  the  tunnel,  at  a  given  air  temperature,  are  the  heat 
flow  through  the  walls  of  the  wind  tunnel  and  the  heat  generated  by  the 
circulating  fan.  The  contributions  from  these  two  sources  are  calculated 
as  follows: 


#  Alnor  Instrument  Company,  Division  of  Illinois  Testing  Laboratories 
Incorporated,  420  North  LaSalle  Street,  Chicago  10,  Illinois. 


E8T  CMAM*CR  HEIGHT  (in*)  TEST  CHAMBER  HEIGHT  <nO  TEST 


4"  FROM  ENTRANCE  CONE 


TEST  CHAMBER  WIDTH  (in) 


12"  FROM  ENTRANCE  CONE 

MEAN  WIND- SPEED- 

806  feet/minut# 


LEGEND 


LESS  THAN  1%  FROM 
KEAN  VELOCITY 

I  TO  2H  FROM  MEAN 


■  )  TO  9%  FROM  MEAN 

□  GREATER  THAN  3% 
FROM  MEAN 


TE8T  CHAMBER  WIDTH  (In) 


20"  FROM  ENTRANCE  CONE 


■IPS 

HI 


Figure  6 :  Profiles  of  vim 
speed  in  the  jei 


TEST  CHAMBER  width  (in) 
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Practical  considerations  have  limited  the  thickness  of  the  insulated 
wall  to  approximately  9  inches.  This  wall  consists  of  an  inner  surface 
layer  of  plastic  varnish,  applied  to  5/8”  plywood,  which  is  adjacent  to 
a  layer  of  glass  wool  insulation  8  inches  in  depth,  held  in  place  by  an 
outer  surface  layer  of  greenboard.  The  heat  conductances  of  these  surfaces 
are  listed  in  Table  2  (Guide  1959,  and  Eshbach  1961). 

TABLE  2 


Conductance  of  the  Wall  Components 


Inner  surface  layer  (air  boundary  layer) 
Plywood  (5/8  in.  thick) 

Glass  wool  insulation  (8  in.  thick) 

Outer  surface  layer  (air  boundary  layer) 


Conductance 
4.0  BTU/hr.  ft.2  °F 
1.0  BTU/hr.  in.  ft.2  °F 
0.27  BTU/hr.  in.  ft. 2  oF 
1.7  BTU/hr.  ft.2  oF 


The  total  conductance  (G^otal^  ^e  tunne^  walls  is  found  through 
Equation  (19): 

— 1 -  =  £  - 1 -  =  -L.  +  JiZi  +  8  +  _1_  =  31  (19) 

°Total  ('component  4.0  1.0  0.27  1.7 

and  °xotal  "  0,032  B-T.U./hr.  ft.2  °F. 

The  total  outside  surface  area  of  the  wind  tunnel  is 

A  440  ft.2  (20) 

If  the  tunnel  is  to  operate  in  an  environment  at  70°  Fahrenheit,  and  if 

the  minimum  air  temperature  within  the  tunnel  is  to  be  -58°  Fahrenheit 

(-50°C),  then  the  maximum  temperature  difference  between  the  inside  and 

outside  of  the  wall  is 


Tmax  70°  *  56°  120°F 


(21) 
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The  total  heat  transfer  (Q)  at  maximum  temperature  difference  then  becomes 

Q  GTotal  x  A  x  ATmax  °*032  x  440  x  128  (22) 

1600  BTU/hr . 

This  value  may  be  increased  to  2000  BTU/hr.  to  account  for  heat  transfer 
through  the  thermopane  glass  windows  and  through  air  leakage. 

The  heat  generated  by  the  circulating  fan  may  be  calculated  by 
assuming  a  fan  efficiency  of  0.5  and  recalling  the  power  requirement  of 
Equation  (17).  Hence  the  total  power  converted  into  heat  by  the  fan  is 

PTotal  =  <L0|6  =  0072  hpi  =  lg0  BTU/hr>  (23) 

Thus,  the  total  heat  to  be  removed  by  the  refrigeration  unit  at  maximum 
temperature  difference  is 

®Total  =  ^Transfer  *  ^Fan  =  2^*8^  BTU/hr.  (24) 

(b)  Hie  Refrigeration  Unit 

The  minimum  design  temperature  of  the  wind  tunnel  will  be  consider¬ 
ably  lower  than  that  required  for  the  experiments  described  in  this  report, 
for  the  sake  of  expediency.  As  indicated  in  the  previous  section,  this 
minimum  design  temperature  is  -58°F;  Freon  22  will  be  used  as  refrigerant 
to  provide  this  low  temperature.  The  approximate  size  of  the  refrigeration 
unit  is  determined  from  the  following  considerations: 

The  pressure-enthalpy  chart  for  Freon  22  refrigerant  is  drawn  for 
maximum  temperature  80°F  and  minimum  temperature  -60°F  (Eshbach  1961; 

Jordan  and  Priester  1956).  Between  these  temperature  limits, 

Cooling  effect  Q»  64  BTU/lb.  (25) 

Mechanical  work  W  33  BTU/lb. 

Hence  the  hourly  refrigerant  weight  ( u  )  is,  from  Equation  (24), 

0)  9-Total  34  lb/hr. 

Q* 


(26) 
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and  the  mechanical  work  required  per  hour  is 

WNet  =  (33  BTU/lb)  x  (34  lb/hr.)  -  1100  BTU/hr.  -  0.43  h.p.  (27) 
The  mechanical  efficiency  coefficient  for  a  commercial  refrigeration  unit 


is  taken  to  be  0.6.  Then  the  total  power  of  the  refrigeration  unit  is 


"Unit 


0.43 


0.72  h.p. 


A  4  horsepower  refrigeration  unit  should  provide  adequate  cooling  for  thi« 


wind  tunnel. 


3.5  Control  of  Temperature  and  Humidity 

Provision  for  varying  the  temperature  and  humidity  of  the  air  within 
the  wind  tunnel  is  made  through  four  controls.  In  addition  to  the  refriger¬ 
ation  unit  described  above,  there  is  included  also  an  electric  air  heater, 
a  steam  injector,  and  a  dehumidifying  coil.  Details  of  the  controlling 
system  are  given  in  Figure  7. 

The  main  evaporator  of  the  refrigeration  system  is  located  across 
the  air  stream  of  the  wind  tunnel  to  maintain  intimate  contact  with  the 


moving  air.  The  temperature  of  this  evaporating  coil  may  be  reduced  to 
-58°F  through  adjustment  of  the  regulating  valves.  The  area  of  the 
evaporating  coil  fins  and  the  dimensions  of  the  coil  are  adequate  to 
maintain  a  maximum  temperature  difference  of  about  2°F  between  the  coil 
temperature  and  the  temperature  of  the  circulating  air.  This  maximum 
temperature  difference  (a  Tmax)  must  occur  at  the  lowest  coil  temperature; 
as  the  coil  temperature  increases,  the  difference  between  the  coild  tem¬ 
perature  and  the  temperature  of  the  circulating  air  will  decrease  because 
of  the  lessened  work  load  upon  the  refrigerating  coil. 

The  main  evaporator  coil  provides  little  control  over  the  relative 
humidity  of  the  air  within  the  wind  tunnel.  If  the  temperature  difference 
between  the  evaporator  coil  and  the  circulating  air  is  the  dew  point 
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depression,  the  relative  humidity  of  the  air  at  -50°F  is  approximately 
88  percent.  When  the  air  temperature  within  the  tunnel  increases  to  32°F, 
the  heat  that  must  be  removed  from  the  air  by  the  refrigeration  unit  is 

$32  +  «Fan  (29) 

^  Tmax 

(where  AT32  :  difference  between  ambient  temperature  and  tunnel  air  temperature) 

2000  X  — +  180 
70-58 

-  750  BTU/hr. 

The  difference  in  temperature  between  the  evaporator  coil  and  the  circulating 
air  at  this  new  temperature  is 

T,,  -■=  2  x  -152  =  0 . 7°F  (30) 

2180  ' 

and  the  corresponding  relative  humidity  is  greater  than  90  percent. 

It  is  apparent  that  an  auxilliary  means  of  controlling  air  humidity 
is  desirable.  For  this  purpose,  a  small  dehumidifying  coil  is  inserted  in 
the  air  stream  of  the  tunnel.  This  coil  will  have  little  eflect  upon  the 
air  temperature;  temperature  compensation  may  be  introduced  through  use  of 
the  electric  heater  element.  By  operating  the  dehumidifying  coil  at  a 
temperature  well  below  that  of  the  circulating  air,  the  relative  humidity 
of  the  air  may  be  reduced  to  the  desired  value.  A  steam  injector  is 
provided,  to  increase  the  relative  humidity  of  the  air  at  a  given  temperature, 
when  required . 

3  *  6  Operation  of  the  Wind  Tunnel 

The  completed  wind  tunnel  has  provided  very  satisfactory  operation 
during  the  course  of  the  study  reported  here.  A  general  view  of  the  tunnel 
with  its  associated  apparatus  is  shown  in  Figure  8.  The  jet  is  located 
behind  the  door  in  the  center  foreground;  the  air  circulation  is  clockwise 
in  tlus  photograph .  The  circulating  fan  and  the  electric  heating  coil  are 
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Figure  8:  The  experimental  wind  tunnel 
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located  in  the  vertical  arm  at  the  left.,  and  a  steam  injector  introduces 
water  vapour  into  the  tunnel  at  this  same  point.  A  dehumidifier  coil  is 
located  in  the  center  of  the  top  arm  of  the  tunnel,  while  the  refrigeration 
coil  is  found  in  the  center  of  the  vertical  arm  at  the  right.  The  control 
panel  for  the  refrigerator  and  the  refrigeration  unit  are  located  on  the 
extreme  right  of  the  photograph.  Photographs  of  construction  details  of 
the  wind  tunnel  are  found  in  Figure  9. 

Experience  has  shown  that  a  high  degree  of  control  in  air  temperature 
and  humidity  is  available  in  the  jet.  The  electric  heater  will  increase 
the  air  temperature  at  approximately  5°C  per  hour,  while  the  refrigeration 
unit  will  decrease  the  air  temperature  at  a  rate  of  approximately  6°C 
per  hour.  During  most  of  the  experimental  observations  reported  here, 
the  air  temperature  within  the  jet  has  been  maintained  at  some  stationary 
value  between  10  and  50°C;  at  each  temperature,  the  relative  humidity  of 
the  air  has  been  varied  from  about  20  percent  to  saturation.  Careful 
adjustment  of  the  heater  and  refrigerator  controls  will  maintain  the  air 
temperature  within  0.1°C  for  the  complete  range  of  relative  humidities. 

The  uniformity  of  temperature  and  humidity  within  the  jet  has  been 
ascertained  through  measurements  with  precision  thermometers.  These  ther¬ 
mometers  have  been  calibrated  to  read  temperatures  with  an  accuracy  of 
i0.01°C;  they  will  be  described  in  greater  detail  in  Sections  5.3,  5.4. 

Figure  10  shows  the  measured  distribution  of  wet-  and  dry-bulb  temperatures 
within  the  empty  jet.  Over  the  volume  which  would  be  occupied  by  the  Hay 
refractometer,  the  variation  in  dry-bulb  temperature  is  within  C,03°C, 
while  the  change  in  wet-bulb  temperature  is  within  0.05°C.  These  measure¬ 
ments  were  made  at  a  mean  air  temperature  of  40°C  and  a  relative  humidity 
of  approximately  75/S:  the  temperatures  are  even  mere  uniform  for  lower 
humidities  and  mean  temperatures  of  30,  20  and  10°C. 


F 
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(a)  The  jet,  showing  hygrometer  and 
barometer  at  exit  cone,  and 
refractometer  on  glass  stand 


(c) 


The  propeller  (lower),  humidity 
injector  (center),  and  electric 
heater  (upper) 


(e)  Turning  vanes  below  the  refrigera¬ 
tion  coil,  at  input  to  the  settling 
chamber 


(b)  The  entrance  cone,  looking  through 
the  jet  to  the  exit  cone 


(d)  The  steam  generator  (humidifier) 


(f) 


The 


refrigeration  system 


Figure  9:  Details  of  the  wind  tunnel 
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The  insertion  of  the  Hay  refractometer  in  the  jet  has  been  found  to 
modify  the  previous  distributions  of  temperatures  by  a  negligible  amount. 
Figure  11  represents  the  measured  temperatures  aobut  the  refractometer 
when  inserted  in  the  jet.  Again,  the  mean  temperature  for  this  series 
of  measurements  is  40°C,  and  the  mean  relative  humidity  is  71 %. 


CENTRE  TEMPERATURE)  30-52 *C 
CENTRE  HUMIDITY:  71  H 

READINGS  TAKEN  4*  FROM  CAPACITOR  PLATES 
ANO  TAKEN  RE  POINT  *A* 


NOTE: 

DRY  BULB  TEMP  QWET  ®°LB  TEMP 
(ON  LEFT)  (ON  RIGHT) 


Figure  11:  Wet-  and  dry-bulb  temperatures  in  the  center  of  the  jet,  - 


With  refractometer  in  position 
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4 .  The  Test  Ref rac tome ter s 

Two  refractometers  of  different  design  have  been  used  in  the 
experimental  study  that  is  reported  here.  One  is  the  microwave  refrac¬ 
tometer,  that  has  been  in  wide-spread  use  for  more  than  ten  years.  The 
other  is  the  capacitor-type  (Hay)  refractometer,  which  has  been  under¬ 
going  development  recently. 

In  principle,  both  types  of  refractometers  make  use  of  a  resonant 
circuit  to  indicate  changes  in  the  refractive  index  of  the  sampled  air. 

The  governing  equations  for  these  instruments  have  been  presented  in 
Section  2.1  However,  there  is  a  significant  difference  in  the  physical 
construction  of  the  sensing  elements  of  these  two  refractometers;  the 
microwave  refractometer  has  an  all-metal  sensing  element  in  the  form  of 
a  ventilated  resonant  cavity,  whereas  the  sensing  element  in  the  Hay 
refractometer  is  an  air  capacitor  with  metal  plates  ard  dielectric 
insulators.  More  complete  details  are  given  in  the  references  published 
elsewhere. 

The  principal  interest  in  the  study  reported  here  is  in  the  inter¬ 
action  between  the  sensing  elements  of  these  refractometers  and  the  humidity 
of  the  sampled  air.  Attention  will  be  confined  chiefly  to  these  aspects 
of  the  instruments  in  the  following  sections. 

4.1  The  Microwave  Refractometer 
(a)  The  Refractometer  Circuit 

The  circuit  of  the  microwave  refractometer  used  in  the  current 
experimental  study  is  essentially  tnat  described  by  Bimbaum  (1950).  The 
instrument  operates  at  a  frequency  of  approximately  9100  Mc/s.  Du 'ing  a 
measurement  upon  air  refractivity ,  the  sampled  air  is  passed  through  a 
ventilated  microwave  cavity  and  the  resonant  frequency  of  this  cavity  is 
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compared  with  the  resonant  frequency  of  a  sealed  reference  cavity.  A 
change  in  the  frequency  of  the  ventilated  cavity  is  an  indication  of  a 
change  in  the  refractive  index  of  the  sampled  air,  according  to  Equation  (4). 

The  components  of  the  microwave  refractometer  are  indicated  in 
Figure  12.  Some  modifications  of  the  Birnbaum  refractometer,  as  suggested 
by  Thompson  and  Vetter  (1958),  are  included  in  this  circuit;  other  changes 
have  been  made  at  this  laboratory  to  improve  upon  the  circuit  stability. 
Further  details  on  the  microwave  components  and  the  electronic  circuits 
are  found  in  Appendix  I. 

The  microwave  sensing  cavity  is  similar  to  those  in  current  use 
elsewhere.  This  cavity  has  been  described  by  Adey  (1957);  67  percent  of 
the  end-plate  area  has  been  removed  for  good  ventilation.  The  barrel  of 
the  cavity  is  of  invar,  and  the  end  plates  arc  of  brass.  The  TEq-q  mode 
is  employed,  and  the  loaded  Q  is  approximately  16,000.  A  photograph  of 
the  microwave  cavity  is  shown  in  Figure  13. 

(b)  Calibration 

A  test  of  the  refractometer  stability  has  been  made  before  the 
calibration  was  carried  out.  This  test  was  made  after  a  complete  servicing 
of  the  electronic  equipment  and  the  incorporation  of  minor  changes  in  the 
circuit.  It  was  found  necessary  to  shield  the  electronic  circuit  from 
drafts  within  the  laboratory,  to  mount  the  reflex  klystron  in  an  oil  bath 
that  is  water  cooled,  and  to  insulate  the  reference  cavity,  in  order  to 
achieve  acceptable  stability  in  the  refractometer  operation.  After  the 


*  The  electronic  circuits,  microwave  cavities  and  other  components  of  the 

microwave  refractometer  have  been  obtained  on  loan  from  the  Defence 
Research  Board  of  Canada,  Ottawa. 


V 


Figure  12:  The  basic  circuit  of  the  Microwave  Refractometer 
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Figure  13:  The  microwave  sensing  cavity 
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equipment  has  been  operating  for  several  hours,  the  refractometer  is 
sufficiently  stable  over  a  period  of  one  hour  to  indicate  a  change  in 
refractive  index  of  the  sampled  air  as  small  as  one  part  in  one  million. 

The  calibration  of  the  microwave  refractometer  is  based  upon  the 
following  considerations.  It  is  well  known  that  dry  nitrogen  gas  at 
normal  temperatures  and  pressures  obeys  the  ideal  gas  law.  Then  the 
dielectric  constant  of  dry  nitrogen  gas  is  related  to  the  gas  pressur® 
and  temperature  through  Equation  (31)  (Lyons,  Bimbaum  and  Kryder  1948; 
Essen  and  Froome  1951); 

(  =  1  -  2.11  x  10-4  ®  =  n2  (31) 

where  p  -  gas  pressure  in  mm.  of  Hg. 

T  ■-  absolute  gas  temperature. 

(  dielectric  constant, 
n  -  index  of  refraction, 
at  radio  frequencies  remote  from  resonances. 

For  a  gas  temperature  of  21°C,  the  change  in  gas  pressure  (a  p 
millimeters  of  Hg.)  is  related  to  a  change  in  the  refractive  index  (An) 
by  Equation  (32)  (for  n  ^  1.0003) 

A  n|  3.57  x  10'^  A  p  (32) 

’(T  21°C) 


Ihe  microwave  refractometer  is  calibrated  by  inserting  the  sensing 
cavity  in  a  sealed  and  evacuated  cavity,  and  by  varying  the  pressure  of 
dry  nitrogen  gas  that  is  introduced  into  this  chamber.  The  temperature  of 
the  gas  is  maintained  at  21°C,  as  indicated  by  a  precision  thermometer 
(see  Figure  14). 

The  experimental  calibration  of  the  microwave  refractometer  is 
indicated  in  Figure  15.  The  experimental  procedure  was  repeated  three  time 
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Figure  14:  Calibration  apparatus  for  the 
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and  the  slope  of  the  current  vs.  gas  pressure  curve  was  ascertained.  From 
this  information,  and  Equation  (32),  it  was  found  that  the  recorder  output 
varied  linearly  with  the  change  in  refractive  index  of  the  test  gas;  a 
change  in  recorder  current  of  0.010  milliamperes  represents  a  change  ir 
refractive  index  of  the  test  gas  of  one  part  per  million. 

4.2  The  Capacitor-Type  (Hay)  Refrac tome ter 
(a)  The  Refractometer  Circuit 

The  second  of  the  test  refractometers  used  in  the  current  study  is 
the  capacitor-type  refractometer.  The  sensing  element  is  an  air  capacitor 
that  forms  part  of  the  resonant  circuit  of  an  oscillator  (Hay,  Martin  and 
Turner  1961).  The  change  in  resonant  frequency  of  the  oscillator  is  pro¬ 
portional  to  the  change  in  refractive  index  of  the  air  between  the  plates 
of  the  capacitor,  according  to  Equation  (4).  The  purpose  of  the  reference 
capacitor  in  this  refractometer  is  to  eliminate  the  need  for  further 
consideration  of  the  electronic  circuit.  In  this  study,  the  reference 
capacitor  is  housed  in  a  water-tight  capsule,  to  prevent  interaction  between 
this  capacitor  and  the  humidity  of  the  air.  Further  attention  then  is 
directed  only  to  the  air-sensing  capacitor. 

The  refractometer  instrument  used  in  these  studies  operates  at  a 
frequency  of  approximately  6  Mc/s,  The  oscillator  section  of  the  circuit 
is  illustrated  in  Figure  16a.  The  capacitance  of  the  air-sensing  condenser 
(Ca)  is  125  micromicrofarads;  the  reference  capacitor  is  a  quarts-invar 
cylindrical  condenser  located  near  the  sensing  capacitor 

Figure  16b  is  a  block  diagram  of  the  recording  receiver  frr  this 
refractometer.  It  will  be  noted  that  this  system  consists  almost  entirely 
of  conmercially  available  components.  A  high-speed  recorder  permits  careful 
examination  of  the  refractometer  signal. 
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(O)  REFRACTOMETER 


CIRCUIT  (OSCILLATOR  SECTION  ONLY) 


(b)  BLOCK  DIAGRAM  OF  RECORDING  RECEIVER 


Figure  lb:  The  Capacitor-Type  Refractometer  and  its  recording  receiver 
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A  photograph  of  the  refractometer  is  shewn  in  Figure  17a*  The 
case  is  made  of  smooth  bakelite,  with  baffle  projections  in  the  direction 
of  wind  flow  to  permit  laminar  flow  into  the  sensing  capacitor.  The 
latter  is  supported  on  bakelite  pedestals,  cut  of  the  turbulent  boundary 
layer  of  the  bakelite  box.  Hie  reference  capacitor  is  located  ne^r  the 
sensing  capacitor,  in  the  same  wind  stream. 

The  air-sensing  capacitor  has;  been  modified  in  numerous  ways 
throughout  the  study  reported  here.  These  various  modifications  have 
been  made  to  permit  an  examination  of  the  interaction  between  water 
vapour  in  the  air  and  the  materials  of  the  capacitor.  Hie  two  basic  forms 
of  the  sensing  capacitor  are  illustrated  in  Figure  17b.  In  one,  the 
capacitor  is  constructed  of  invar  plates  with  quartz  spacers;  the  body  of 
the  condenser  in  the  second  form  is  entirely  of  invar  plates,  with  the 
metal  supports  for  these  plates  meeting  the  bakelite  of  the  refractometer 
box  well  away  from  the  body  of  the  condenser.  Other  modifications  of 
these  capacitors  will  be  described  in  Section  7.3. 

(b)  Calibration 

A  theoretical  calibration  of  the  capacitor-type  refractometer  my 
be  obtained  from  the  analysis  of  the  oscillator  circuit.  In  Figure  16a, 
it  will  be  noted  that  the  Clapp  oscillator  frequency  is  governed  by  the 
resonant  circuit  containing  condensers  C^,  C2,  L  and  C3  (i.e.  Ca  in 
parallel  with  its  trimmers).  The  interelectrode  impedances  of  the  6AK5 
pentode  have  negligible  effect  upon  the  resonant  frequency  of  this  circuit. 
Then,  the  resonant  frequency  (f0)  is  given  to  a  good  approximation  by 
Equation  (33) 


*0 


2  = 


1 


1_  ,  1_ 
C1  C2 


(2n  )2l 


(33) 
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(a)  The  refract ometer 


(b)  The  dismounted  sensing  elements:  invar  capacitor  (left) 

quartz-invar  capacitor  (right) 


Figure  17:  The  Hay  refrac tome ter  and  its  sensing  elements 


If  the  component  values  of  Figure  16a  are  inserted  in  Equation  (33),  with 
C3  -  125  1  10  micromicrofarads,  the  resonant  frequency  of  the  circuit  is 
fQ  -  6.08  Mc/s  (34) 

Small  changes  in  the  resonant  frequency  of  the  refractometer 
may  be  associated  with  small  changes  in  the  refractive  index  of  the 
sampled  air  by  differentiating  Equation  (33).  Here,  it  is  assumed  that 
other  components  remain  invariant.  Equation  (35)  is  obtained  directly 
from  Equation  (33). 


by  inserting  the  refractometer  in  the  jet  of  the  wind  tunnel.  The  air 
temperature  ir.  the  jet  has  been  maintained  at  40°C  and  the  relative 


humidity  at  less  than  50  percent,  to  avoid  the  complication  of  adsorption 
effects  upon  the  sensing  capacitor.  The  results  of  this  measurement  are 
indicated  in  Figure  18.  It  will  be  noted  that  the  agreement  between  the 
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Figure  16:  Calibration  curve  for  the  Capacitor-Type  Refractometer 
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theoretical  and  the  experimental  calibrations  is  good;  the  spread  in  the 
points  about  the  straight  line  results  from  the  fact  that  only  one 
determination  of  the  experimental  calibration  is  shown. 
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(n  -  1)  106  N  (p  +  4-10  |) 

T  T 


(40) 


where  T  absolute  temperature 

p,  e  are  measured  in  millibars 

Hie  precision  that  is  required  in  the  measurement  of  the  parameters 
of  Equation  (40)  may  be  determined  as  follows.  Let  A  p  be  the  error  in 
the  measurement  of  total  air  pressure,  aT  be  the  error  in  the  measurement 
of  air  temperature,  and  Ae  be  the  error  in  the  measurement  of  partial 
vapour  pressure  of  water.  It  is  assumed  that  these  errors  are  distributed 
normally  about  the  mean  values.  Then  the  rms  error  in  refractivity  (AN) 
is  obtained  by  differentiation  of  Equation  (4)  to  give  the  following: 


AN  * 


77.6 
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9620  e 
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)VT)2*(f2)Ve): 
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If  it  is  assumed  that  the  errors  are  distributed  equally  among  the  given 
parameters,  and  that  refractivity  is  to  be  ascertained  within  one  part  per 
million,  then  the  required  precisions  in  pressure,  tcmperatur*  and  vapour 
pressure  are  as  given  by  Equation  (42) : 

Ap  =  7.44  x  1(T3  T  (42) 

AT  =  7.44  x  IQ"3  T/(?  4  2Sp-£) 

Ae  1.55  x  10~6  T2 


It  will  be  assumed  in  this  study  that  the  air  pressure  is  approxi¬ 
mately  one  thousand  millibars,  and  that  the  air  temperature  lies  between 
0°C  and  40°C.  Then  the  partial  pressure  of  water  vapour  in  the  air  Jics 
between  0  and  75  millibars.  Equation  (43),  then,  gives  the  highest 
required  precisions  of  measurement  of  each  of  these  parameters  throughout 
this  range  of  variables: 

Ap  -  -2.3  millibars  (at  lowest  temperature)  (43) 

AT  lo.23°K  (at  highest  temperature  and  vtnour  pressure) 

A  e  iO.15  millibar  (at  lowest  temperature) 
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(n  -  1)  106  N  (p  +  4«<lo  |)  (40) 

where  T  absolute  temperature 

p,  c  are  measured  in  millibars 

The  precision  that  is  required  in  the  measurement  of  the  parameters 
of  Equation  (40)  may  be  determined  as  follows.  Let  Ap  be  the  error  in 
the  n'easurement  of  total  air  pressure,  aT  be  the  error  in  the  measurement 
of  air  temperature,  and  Ae  be  the  error  in  the  measurement,  of  partial 
vapour  pressure  of  water.  It  is  assumed  that  these  errors  are  distributed 
normally  about  the  mean  values.  Then  the  rms  error  in  refractivity  (an) 
is  obtained  by  differentiation  of  Equation  (4)  to  give  the  following: 
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A  further  step  must  he  taken  in  the  analysis  of  the  measurement 
of  partial  water  vapour  pressure.  Ihe  psychrometric  formula,  as  given 
by  Equation  (44)  provides  a  practical  relationship  between  the  partial 
vapour  pressure  of  water  and  the  temperatures  of  the  air. 

e  =  ew  -  a  (1  +  bTD)p  (T  -  TD)  (44) 

where  «  wet-bulb  temperature 

e^  =  saturation  vapour  pressure  at  (in  millibars) 
a  6.6  x  10-4  (for  T,  TD  in  °C) 
b  — 11.5  x  10-4  (for  T,  TD  in  °C) 

This  equation  is  based  upon  experimental  observations;  the  coefficients 
"a”  and  "b"  vary  among  different  authors,  as  will  be  indicated  later. 

Ihe  results  of  the  above  analysis  now  may  be  extended  to  the 
psychrometric  equation.  Equation  (44)  may  be  differentiated;  and  if  it 
is  assumed  that  the  errors  are  distributed  equally  among  the  variables, 
an  rms  error  of  0.15  millibars  in  e  will  place  the  following  requirements 
upon  the  parameters  of  Equation  (44): 

AP  =  i  ^  [aT  (1  •  bT„  -  I  -  b  SiiTj  1  (45) 

aT  =  -  jj*p  (!  +  bTD^j  _1 

ATD  =  i  |~ap  d  .  bT  4  2bTD  )^j  "-1 

Examination  of  Equation  (45)  shows  that  the  most  stringent  requirements 
upon  the  precision  of  measurement  of  the  variables  to  ascertain  partial 
water  vapour  pressure  are  those  given  by  Equation  (46): 

&ew  -  t  0.075  mb.  (46) 

Ap  -  -  3.7  mb.  (at  highest  T  and  lowest  T^,  with  e  --  0) 

AT  -  -  0.09°K  (at  highest  TD) 

ATj)  -  -  0.09°K  (at  highest  T,  lowest  TD) 
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Yet  another  step  must  be  made  to  determine  the  ultimate  precision 
of  measurement.  Examination  of  tables  of  the  saturation  vapour  pressure 
(e  )  shows  that  the  greatest  precision  in  ascertaining  TD  for  the  range 
of  measurement  and  for  the  specified  accuracy  in  ew,  is  represented  by 
Equation  (47): 

ATd  =  -  0.019°K  (at  highest  TD)  (47) 

The  final  requirements  upon  the  precision  of  measurement  are  taken 
from  all  of  the  above  considerations.  If  the  refractive  index  of  the  air 
within  the  jet  of  the  wind  tunnel  is  to  be  measured  with  an  accuracy  of 
one  part  in  one  million,  then  the  error  limitations  on  the  measured 
quantities  are  those  given  by  Equation  (48). 

<*TW  - 1  °-09°K  <48) 

(AP)min.  *  1  2-3  mb- 
<ATD)min.  =-0.019°K 

Further  consideration  will  be  given  to  the  coefficients  in  the 
psychrometric  formula,  in  the  following  section. 

5.2  The  Psychrometric  Formula 

The  basis  for  the  psychrometric  formula  has  been  given  in  numerous 
texts  [see  for  example  Bird,  Stewart  and  Lightfoot  (I960),  Kerr  (1951)), 
For  sufficient  ventilation  of  the  hygrometer  probes,  an  alternative  form 
of  the  psychrometric  formula  is  given  by  Equation  (49). 

e  =ew  -  A  p  (T  -  TD)  (49) 

where  ew  ==  saturation  vapour  pressure  at  the  vet-bulb  temperature 

p  =  total  air  pressure 

T  =  dry-bulb  temperature 
Tj)  =  wet-bulb  temperature 

A  =  psychrometric  "constant" 

“  0.660  x  10"3  (1  +  11.5  x  IQ”4  Td) 
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Various  authors  have  reported  upon  the  minimum  ventilation  requirements; 
the  wide  variation  in  these  requirements  is  illustrated  by  Table  3. 

Table  3 


Minimum  Ventilation  Speed  for  Constancy  of  Psychrometer  "Constant” 


References 

Min.  Speed 
(feet  per  minute) 

Remarks 

Noakes  (1953) 

485 

mercury-in-glass  thermometers 

Long  (1957) 

200 

nickel-wire  elements 

Ewell  (1941) 

600 

Berry,  Bollay  and  Beers 

(1945) 

900 

mercury-in-glass  thermometers 

Middleton  and  Spilhaus  (1953) 

585 

n  tt  ?t  tt 

Wexler  and  Brombacher  (1951) 

Carrier  et  al  (1937) 

900 

800-900 

for  sea  level;  increases  with 

altitude . 

The  saturation  vapour  pressure  (ew)  is  not  related  in  a  simple 
way  to  the  wet-bulb  temperature  (Tp).  However,  the  relationship  has 
been  determined  by  numerous  experiments  (see  for  example  Washburn  1926). 
The  available  tablets  have  been  interpolated  to  give  e^  (in  millibars) 
for  temperature  increments  of  0.01°C  over  the  range  0  to  50°C,  in 
Appendix  IV. 

Even  the  values  of  the  psychrometric  coefficients,  "a”  and  "b" 
in  Equation  (44),  show  considerable  variance  among  different  authors. 
Table  4  gives  sane  of  the  cotmnonly-used  values  of  these  coefficients. 
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Table  4 

Coefficients  in  Psychrometric  Formula 
e  =  ew  -  a  (1  +  b  ?„)  p  (T  -  TD) 
where  p,  e,  e^  are  in  millibars 
T,  Tj)  are  in  degrees  Kelvin. 


Reference 

a 

Wexler  and  Brombacher  (1951) 

6.60  x  10"4 

Kerr  (1951) 

6.46  x  10-4 

McGavin  (1962) 

8.84  x  10-2 

Monteith  (1954) 

6.24  x  10-4 

b 

1.15  x  10*3 
0.94  x  10~3 
0 
0 


Partial  differentiation  of  Equation  (44)  with  respect  to  ”a"  will  show 
the  contribution  of  error  in  this  variable  (A a)  to  the  error  in  partial 
vapour  pressure  (Ae): 

A  e  =  -  (1  4  b  TD)  p  (T  -  Td)  Aa  (50) 

It  will  be  noted  that  for  temperatures  within  the  range  0  to  50°C,  and 
for  surface  atmospheric  pressure,  a  fixed  error  in  ,fa"  makes  the  error  in 
e  approximately  proportional  to  the  wet-bulb  depression  (T  -  Tp).  It  is 
only  at  high  relative  humidities,  then,  that  the  variation  in  "aM  may 
become  tolerable  in  the  present  experiment  (see  Table  5). 

Table  5 

Effect  of  Error  in  Psychrometric  Constant  (a)  Upon  Error  in 
Deduced  Water  Vapour  Pressure 


ture  (T°C) 

Relative  Humidity  (per  cent) 

Aa 

Ae  (mb) 

22 

15 

0.1  x  10“3 

-1.3 

22 

50 

0.1  x  10”3 

-0.7 

22 

90 

0.1  x  10-3 

-0.12 

30 

90 

0.1  x  10~3 

-0.14 
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The  variation  in  "b"  still  remains.  It  is  apparent  that  a  careful  study 
of  the  psychrometric  coefficients  is  required,  for  the  present  purpose. 

The  form  of  Equation  (49)  will  be  used  for  this  purpose. 

5.3  The  Measurement  of  Temperature  (Dry-Bulb) 

The  requirements  upon  the  temperature  probe  for  the  wind  tunnel 
are  manifold.  As  indicated  above,  temperature  must  be  measured  within 
0.01°C.  However,  in  addition,  it  is  desirable  to  have  the  temperature 
probe  small  in  size  (approximately  1  inch  long)  to  examine  changes  in 
the  temperature  distribution  over  dimensions  of  the  order  of  the  sensing 
capacitor  of  the  refractometer.  The  temperature  should  be  indicated 
remotely  from  the  probe  with  electrical  recording,  since  the  jet  of  the 
wind  runnel  is  enclosed  during  operation.  The  operation  of  the  probe 
should  be  reliable  and  its  calibration  should  remain  stable  over  pro¬ 
longed  periods;  it  is  desirable  also  that  the  response  of  the  temperature 
probe  be  moderately  rapid  (of  the  order  of  one  second).  The  temperature 
probe  must  be  sufficiently  rugged  to  withstand  a  moving  air  stream  of  one 
thousand  feet  per  minute. 

Numerous  techniques  for  recording  electrical  thermometers  have 
been  described  in  the  literature.  These  include  nickel  or  platinum 
resistance  wire  probes,  thermocouples  and  thermistors.  Of  these, 
thermistors  suffer  from  instability  of  calibration  over  prolonged  periods; 
thermocouples  do  not  permit  the  desired  accuracy  of  temperature  measure¬ 
ment.  The  platinum  resistance  wire  probe  is  an  international  standard 
with  a  stable  calibration  over  prolonged  periods;  it  also  permits  deter¬ 
mination  of  temperature  with  the  desired  accuracy.  For  this  reason,  the 
latter  technique  has  been  chosen  for  the  present  experiment. 

Hie  chcsen  temperature  probe  is  of  commercial  design.  Details  on 
this  probe  are  given  in  Table  6. 
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Table  6 

Properties  of  Platinum-Resistance  Temperature  Probe 
Manufacturer:  Rosemont  Engineering  Co.,  Minneapolis,  Minnesota. 

Model:  104P  8  ADB,  (Serial  No.  893) 

Sensing  element:  platinum  wire,  mounted  strain-free  and  sealed  within 

ceramic  rod. 

element  hermetically  sealed  within  cylindrical  sheath 
of  tightly  fitting,  thin-walled  st&inlc  steel. 

Nominal  resistance:  R0  =  100  ohms  (at  T  =  0°C) 

Element  well  length:  1  inch 

Immersion  length  (element  well  +  stem):  2  inches 
Diameter  of  element  well:  0.084  inch 
Time  constant:  1  second 

Resistance  at  temperature  T  =  Rj.  =  fl  +  a  LT  -  d(0.01  T  -  1)(0.01T) 

-  b(0,01T  -  1)(0.01T)3  ]}  R0  (Callendar-Van  Dusen 

equation) 

Calibration  of  Rj  vs.  T  supplied  for  temperature  range  -50°C  T  500°C. 


From  the  calibration  supplied  by  the  manufacturer,  the  dry-bulb  temperature 
is  related  to  the  probe  resistance  (RT)  by  Equation  (51). 

_  _  6,65776  x  103  -  f 44.3258  x  106  -  0.666775  x  105(Rt-100.322)1^ 

‘(for  dry-bulb  probe)  "  2 

(51) 

Consideration  must  be  given  to  the  self-heating  of  the  platinum  wire 
temperature  sensor.  In  the  present  application,  the  voltage  applied  to 
the  sensor  by  the  bridge  network  dissipates  approximately  0.097  milliwatts 
of  power  within  the  sensor.  This  results  in  a  rise  of  temperature  of 
0.0005°C,  -  an  amount  which  is  negligible  for  the  present  purpose. 
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The  recording  system  for  the  temperature  probe  also  is  of  commercial 
design.  It  is  capable  of  indicating  temperature  changes  as  small  as  0.01°C 
readily.  Figure  19  gives  the  details  of  this  system.  It  will  be  noted 
that  two  channels  are  provided;  the  second  is  for  the  measurement  of 
wet-bulb  temperature  as  described  later. 

The  temperature-recording  circuit  must  be  able  to  indicate  tem¬ 
peratures  that  are  off  the  balance-point  of  the  bridge  circuit.  Equation  (52) 
shows  the  governing  conditions  for  this  bridge  circuit. 


Eo  _  rT  _  Rb 
E  Rf  +  R  Rfc  +  R 


where  R  = 


R*l  +  R2 

2 


(52) 


It  will  be  seen  that  non-linearity  of  the  bridge  for  off-null  operation  is 
reduced  by  making  R  much  greater  than  Rr,  and  by  balancing  the  bridge  at 
the  center  of  the  desired  temperature  range.  The  incremental  calibration 
for  the  recorder  pen  deflection  away  from  the  null  setting  position  is 
obtained  for  various  settings  of  the  amplifier  gain  control  and  the 
sensitivity  settings,  through  the  use  of  a  GR  decade  resistance  box 
type  602-N  in  place  of  the  platinum  probe,  at  the  end  of  the  probe  cables 
within  the  wind  tunnel. 

It  will  be  notod  that  the  above  procedure  permits  only  the  measure¬ 
ment  of  relative  temperatures,  with  a  precision  of  0.01°C.  The  recorder 
sensitivity  is  ascertained  before  and  after  each  set  of  observations  by 
the  above  procedure  (q  ohms  per  millimeter  deflection).  If  No  is  the 
resistance  for  zero  pen  deflection  of  the  recorder,  and  dx  is  the  pen 
deflection,  then  the  indicated  probe  resistance  is  given  by  Equation  (53). 

R*  -  R0  ♦  q  dx  (53) 


The  correction  for  resistance  of  the  shielded  leads  between  the 
bridge  network  and  the  probe  is  obtained  by  using  a  calibrated  precision 
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Figure  19:  Temperature  recording  bridge 
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resistor  in  place  of  tht  platinum-wire  temperature  probe .*  Hiis  provides 
a  correction  factor  (2)  such  that 

Z  R*  ~  Rj  =  corrected  platinum  probe  resistance.  (54) 

The  above  procedure  has  given  the  following  correction  factor  for  the 
dry-bulb  temperature  probe: 

Z  (for  dry-bulb  probe)  =  1.01034  (55) 

The  precise  temperature  of  the  air  in  the  jet  is  ascertained ,  then, 
through  the  use  of  Equations  (51),  (53)  and  (54).  These  calculations  are 
carried  out  on  an  IBM  650  Computer,  with  a  program  which  is  described 
in  Section  5.5. 

5.4  The  Hygrometer 

The  requirements  upon  the  precision  of  measurement  of  the  wet-bulb 

temperature  have  been  outlined  in  Section  5.1.  It  was  noted  that  wet-bulb 

+  o 

temperature  must  be  ascertained  within  -0.01  C.  Since  this  precision  is 
available  in  the  dry-bulb  temperature  probe  described  above,  a  similar 
probe  will  be  used  as  a  basis  for  the  wet-bulb  temperature  instrument. 

A  hygrometer  is  formed  by  mounting  the  wet-  and  dry-bulb  temperature  probes 
close  to  each  other,  so  that  they  may  observe  the  same  volume  of  air.  A 
survey  has  shown  that  no  hygrometer  with  this  pi^ecision  was  readily 
available.  Consequently,  it  was  necessary  to  develop  the  hygrometer, 
in  making  use  of  the  best  available  techniques,  as  indicated  in  the 
following  sections. 

*  Calibration  of  the  OR  precision  resistor  type  500D  (100  ohms  ^0.05  percent), 
serial  number  194827  over  the  range  of  temperatures  from  2l°C  to  30°C  was 
provided  with  an  accuracy  of  U).001  ohm  by  the  Division  of  Applied  Physics 
of  the  National  Research  Council  of  Canada,  Ottawa,  -  Report  No.  APE-57 

(23  April  1963). 
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The  procedure  in  developing  and  calibrating  the  hygrometer  probes 
has  followed  several  steps.  These  have  included:  construction  of  the 
wet-bulb  temperature  probe;  the  comparison  of  the  calibrations  of  a  mercury- 
in-glass  thermometer  (which  is  used  to  indicate  the  temperature  of  the 
calibrating  solution)  and  the  platinum-wire  temperature  probe;  the  cal¬ 
ibration  of  a  barometer;  the  calibration  of  a  hot-wire  anemometer  to 
ascertain  the  ventilation  rate  of  the  probes  in  the  calibration  chamber; 
the  construction  of  a  calibration  chamber  for  the  hygrometer,  which  makes 
use  of  salt  solutions;  and  the  ascertaining  of  the  coefficients  in  the 
psychrometric  formula. 

(a)  Calibration  of  the  Mercury-in-Glass  Thermometer 

The  calibration  of  a  mercury-in-glass  thermometer  has  been  compared 
with  that  of  the  platinum- re si stance  probe  by  mounting  these  probes  adjacent 
to  each  other  in  the  *et  of  the  wind  tunnel.  The  wind  tunnel  was  operated 
at  a  low  relative  humidity,  and  the  air  temperature  was  varied  slowly 
from  20°C  to  25°C.  The  platinum  resistance  probe  has  provided  the  reference 
temperature,  and  the  correction  to  the  mercury-in-glass  thermometer  indi¬ 
cation  was  consistently  *0.1°C  over  this  range. 

(b)  Calibration  of  the  Barometer 

The  air  pressure  within  the  laboratory  has  been  indicated  by  a 
System  Paulin  Aneroid  Barometer,  type  VBTB1.  The  readings  of  this 
instrument  have  been  compared  with  the  indication  of  a  barometer  that 
is  operated  by  the  Department  of  Transport  at  the  London  Airport.  When 
a  small  correction  is  applied  for  the  difference  in  elevation  between 
the  London  Airport  and  the  University  laboratory,  the  correction  to  the 
Aneroid  barometer  reading  is  given  as  in  Equation  (56). 

True  air  pressure  -  Paneroid  "  “i^^rs  (56) 
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(c)  Calibration  of  the  Hot-Wire  Anemometer 

A  need  existed  for  a  reliable  anemometer ,  of  small  probe  size,  to 
measure  the  ventilation  wind  speed  within  the  calibrating  chamber  and  also 
to  provide  a  comparison  with  other  anemometers  that  are  used  in  the  wind- 
tunnel  study.  For  this  purpose,  an  anemometer  probe  has  been  constructed, 
as  based  upon  the  design  described  by  Anderson  (1959).  Details  on  the 
probe  construction  and  on  the  associated  bridge  circuit  are  given  in 
Figure  20. 

The  calibration  of  this  anemometer  has  followed  standard  laboratory 
procedure.  The  probe  was  mounted  on  the  end  of  a  rotating  arm  that  describe! 
a  circle  of  knowa  radius  within  the  still  air  of  the  laboratory.  A  variable 
speed  mo*5r  was  used  to  rotate  the  arm,  and  the  rate  of  rotation  was  deter¬ 
mined  by  a  calibrated  OR  Strobotac,  Model  631-B86  (Serial  number  8184-348). 
The  calibration  of  this  hot-wire  anemometer  is  shown  as  a  function  of 
the  meter  current  in  Figure  21. 

(d)  The  Wet-Bulb  Temperature  Probe 

The  basic  element  of  the  wet-bulb  temperature  probe  is  similar  to 
that  used  for  the  dry-bulb  temperature.  From  the  calibration  provided  by 
the  manufacturer,  the  wet-bulb  temperature  (Tp)  is  related  to  the  platinum 
wire  resistance  (Rxp)  through  Equation  (57) 


TD(for  wet-bulb  probe) 


_  6.60079  x  103  -  £46.2507  x  106  -  0.683163  x  10s 


x  (Rto  -  100.109)]  * 


and  the  correction  factor  for  the  leads  between  the  bridge  and  the  wet- 
bulb  probe  is 


Z(for  the  wet-bulb  probe)  «  1.01095 


(58) 
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Figure  21:  Calibration  curve  of  the  hot-wire  anemometer 
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The  method  of  wetting  the  platinum  wire  probe  has  required  careful 
study.  Various  types  of  wicks  and  of  wetting  systems  have  been  examined 
both  within  the  jet  of  the  wind  tunnel  and  in  the  hygrometer  calibration 
chamber  that  is  described  below.  A  study  of  the  effects  of  varying 
ventilation  speed  upon  the  wet-bulb  indication  showed  that  the  latter 
was  independent  of  ventilation  speed  for  speeds  between  300  and  1200  feet 
per  minute.  The  wet-bulb  indication  changed  only  when  the  wick  began  to 
dry  or  when  a  drop  of  water  formed  upon  the  wick. 

The  configuration  of  the  wet-bulb  temperature  probe,  shown  in 
Figure  22,  has  been  found  to  be  reliable  and  to  give  repeatable  indications. 
It  will  be  seen  that  the  water  is  applied  to  the  wet-bulb  platinum  resistance 
probe  through  a  cylindrical  wick  which  is  in  tight  contact;  the  water  is 
supplied  through  a  platic  tube  from  an  elevated  reservoir.  The  only  part 
of  the  wick  that  is  exposed  to  the  surrounding  air  is  that  at  the  probe. 

The  probe  is  mounted  in  a  vertical  position,  and  water  is  introduced  to 
the  wick  from  below.  The  height  of  the  water  reservoir  is  adjusted  to 
make  the  wick  remain  wet  without  an  excess  of  water,  at  the  required 
ventilation  speed. 

The  hygrometer  is  formed  ey  mounting  the  wet-bulb  temperature  probe 
adjacent  to  the  dry-bulb  probe  that  has  been  described  in  Section  5.3  This 
arrangement  is  shown  in  Figure  22  and  the  photograph  of  Figure  23.  The 
two  probes  are  separated  by  a  distance  of  0.75  inch  in  the  direction  per¬ 
pendicular  to  air  flow,  and  a  thin  metallised  shield  is  mounted  between 
them,  parallel  to  the  direction  of  air  flow.  The  latter  acts  not  only  as 
a  radiation  shield  between  these  probes,  but  prevents  the  transfer  of  water 
vapour  from  the  wet-bulb  to  the  dry-bulb  thermometer.  A  shield  surrounds 
the  twir^-leads  between  each  probe  and  the  thermometer  bridge. 
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Figure  23:  The  hygrometer  probes  and  wetting  system 
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(e^  The  Calibration  Chamber  for  the  Wet-  and  Dry-Bulb  Temperature  Probes 

Methods  of  calibrating  wet-  and  dry-bulb  temperature  probes  have 
been  reviewed  extensively  by  Wexler  and  Brorabacher  (1951) ,  Middleton  and 
Spilhaus  (1953),  and  by  McCavin  (1962).  In  each  of  these,  the  probes 
are  exposed  to  a  series  of  environments,  bach  having  the  desired  temperature 
and  vapour  pressure.  Then  the  wet-bulb  temperature  may  be  deduced  from 
information  on  the  vapour  pressure  as  found  in  physical  tables. 

There  are  three  primary  methods  of  obtaining  the  desired  vapour 
pressure  (Middleton  and  Spilhaus  1953  page  116).  In  one  of  these,  dry 
air  and  saturated  air  are  mixed  in  known  proportions;  in  another,  a  volume 
of  air  is  saturated  at  a  specified  temperature,  and  then  the  temperature 
is  raised  to  a  new  value  without  changing  the  vapour  content;  in  the  third, 
air  is  saturated  with  vapour  at  a  high  specified  pressure,  and  then  the 
air  pressure  is  reduced  to  a  new  value  without  a  change  in  vapour  content. 

A  less  precise  alternative  makes  use  of  a  secondary  method  of 
calibration.  One  such  method  employs  saturated  solutions  of  salts,  which 
have  specified  vapour  pressures.  Wexler  and  Hasegawa  (1954)  have  studied 
this  method  extensively.  Further  information  on  the  vapour  pressures  of 
saturated  salt  solutions  is  given  also  by  Spencer  (1926),  by  Middleton 
and  Spilhaus  (1953,  page  117),  by  0»Brien  (1948)  and  by  Martin  (1962). 

An  attempt  has  been  made  in  the  present  experiment  to  use  this  secondary 
method  of  calibration,  not  only  to  examine  the  stability  and  repeatability 
of  the  new  hygrometer  probe  measurements,  but  also  to  derive  the  appropriate 
form  of  the  psychrometric  formula. 

The  experimental  arrangement  for  the  calibration  of  the  hygrometer 
has  be<*n  developed  from  techniques  described  by  Wexler  and  Hasegawa  (1954) 
and  by  Monteith  and  Owen  (1958).  In  addition,  a  number  of  modifications 
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have  been  made  upon  numerous  factors  that  affect  the  calibration  of 
thermometers.  These  include  a  study  of  the  difference  in  temperature 
between  the  calibrating  solution  and  the  air  above  it,  -  as  a  function 
of  time,  ventilation  rate,  and  location  of  air  stream  within  the  chamber; 
the  location  of  the  calibration  chamber  within  the  laboratory  room;  the 
effect  of  insulation  and  radiation  protection  in  the  calibration  chamber; 
the  suspension  of  the  temperature  probes;  the  intercomparison  of  ther¬ 
mometers;  the  heating  of  the  air  by  the  circulating  fan  and  motor  within 
the  calibration  chamber;  the  method  of  ventilating  the  temperature  probes; 
the  effects  f  various  materials  for  supports  within  the  chamber;  and 
the  ability  to  obtain  saturation  vapour  pressures  within  the  chamber. 

Figure  24  shows  the  details  of  the  calibration  chamber. 

Several  features  of  the  hygrometer  calibration  chamber  may  be  noted. 
An  insulating,  light-tight  enclosure  surrounds  the  glass  bell- jar  to  reduce 
the  effects  of  direct  external  radiation.  Access  is  obtained  through  a 
small  door  in  one  side  of  the  enclosure.  A  mercury  manometer  indicates 
the  pressure  differential  between  the  inside  and  outside  of  the  chamber. 

A  precision  mercury-in-glass  thermometer  indicates  the  temperature  of  the 
calibrating  salt  solution.  The  wet-  and  dry-bulb  probes  are  mounted  in  a 
glass  tube  of  diameter  l£  inch,  through  which  the  re-circulating  air  (from 
a  centrifugal  fan)  is  moved  at  various  controlled  speeds.  The  ventilation 
speed  is  determined  by  the  calibrated  hot-wire  anemometer,  which  has  been 
described  in  Section  5.4(c). 

The  calibrating  solutions  are  contained  in  a  flat  pyrex  plate. 

The  salts  are  of  reagent  grade,  and  the  saturated  solutions  are  of  slushy 
consistency.  Table  7  indicates  the  solutions  that  are  used  in  this 
calibration,  for  the  desired  range  of  relative  humidities. 


water  supply 
tubing 
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•ftlDOC  Figure  24:  The  hygrometer  calibration  chamber 
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Table  7 

Standard  Solutions  for  Hygrometer  Calibration 
Saturated  Aqueous  Solution  Relative  Humidity  at  T  ^  20°C  (approx.) 


k2  so4 

97  percent 

kno3 

93  " 

(nh4)2  so4 

80  " 

Na  Cl 

75  ” 

Mg  (N03)2  .  6H20 

54  " 

Na2  Cr2  0?  .  2H20 

55  " 

Mg  Cl2  .  6H20 

33  " 

Li  Cl  .  H20 

12  11 

The  change  in  relative  hianidity  with  solution  temperature,  for  each  of 
these  salts,  has  been  indicated  by  Wexlcr  and  Hasegawa  (1954). 

(f)  Calibration  Procedure 

A  procedure  for  calibration  of  the  hygrometer  probes  has  been 
developed  from  an  extensive  series  of  trials.  Details  on  this  procedure 
are  given  in  Appendix  II.  This  experimental  procedure  has  been  repeated 
several  times  with  each  calibrating  solution. 

The  experimental  calibration  of  the  hygrometers  has  been  analyzed 
to  ascertain  the  coefficients  of  the  psychrometric  equation  (Equation  49). 
It  may  be  noted  that  all  errors  in  the  hygrometer  calibration  with  the 
exception  of  errors  in  the  temperature  probes  themselves,  are  in  the 
direction  which  raises  the  wet-bulb  temperature;  thus,  these  errors  tend 
to  increase  the  apparent  relative  humidity  above  the  true  value.  The 
desired  wet-bulb  temperature  in  the  calibration  is  the  minimum  one.  A 
sample  analysis  of  the  calibration  observations  is  given  in  Appendix  III. 

The  results  of  all  such  observations,  as  analyzed  for  the  psychrometric 
constant,  are  presented  in  Figure  25. 


<& 


Figure  25:  Relationship  between  psych rome trie  constant  and  wet-bulb  temperature 
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The  results  in  Figure  25  demonstrate  an  important  feature  of  this 
secondary  method  of  calibration*  It  will  be  noted  that  there  apparently 
is  no  simple  relationship  between  the  psychrometric  "constant M  A  and  the 
vet-bulb  temperature.  The  wide  dispersion  of  points,  as  obtained  through 
the  use  of  different  saturated  salt  solutions,  was  present  also  in  the 
results  reported  by  Wexler  and  Hasegava  (1954).  Hygrometer  calibration 
by  means  of  the  primary  methods  referred  to  above  also  shows  a  linear 
relationship  between  A  and  the  wet-bulb  temperature,  a  trend  which  is 
lacking  in  the  present  calibration.  It  is  apparent  that  either  some 
technique  in  the  design  of  the  present  hygrometer  has  been  overlooked,  or 
that  the  secondary  method  of  calibration  suffers  from  gross  inaccuracies 
in  spite  of  all  of  the  reasonable  precautions  observed. 

It  has  been  assumed  in  subsequent  use  of  this  hygrometer  that  the 
secondary  method  of  calibration  is  faulty.  Further,  it  has  been  assumed 
that  the  Wexler-Brombacher  form  of  the  psychrometric  formula  (Table  4)  is 
the  appropriate  one  for  this  hygrometer,  since  it  has  been  derived  from 
precise  calibrations  and  is  in  widespread  use.  The  validity  of  these 
assumptions  is  supported  by  the  close  agreement  between  measured  air 
refractivity  and  the  refractivity  that  is  deduced  from  the  hygrometer 
information  through  the  use  of  the  Wexler-Brombacher  formula,  as  reported 
in  Section  7.2. 

5.5  Computation  of  Refractive  Index 

The  refractive  index  of  the  air  within  the  jet  of  the  wind  tunnel 
is  finally  deduced  from  the  measurements  upon  the  separate  components  that 
contribute  to  air  refractivity.  As  has  been  indicated  in  Section  5.1, 
these  contributing  components  are  the  air  temperature,  the  total  air  pressure 
and  the  partial  pressure  of  water  vapour.  The  total  atmospheric  pressure 
is  measured  by  a  Casella  Aneroid  Barometer,  Mark  I,  type  6143,  mounted 
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in  the  wind  tunnel  jet.  Since  the  partial  pressure  of  water  vapour  is 
not  measured  directly,  it  is  deduced  from  measurements  upon  the  wet-  and 
the  dry-bulb  temperature  within  the  jet.  The  computation  that  is  required 
to  deduce  the  partial  water  vapour  pressure  from  the  temperature  information 
is  laborious,  especially  in  an  extensive  program  of  refractivity  studies. 

For  this  reason,  a  program  of  computation  has  been  drawn  up,  which  makes 
use  of  the  IBM  650  Electronic  Computer,  on  the  campus  of  this  university. 

The  computation  procedure  may  be  summarized  briefly.  After  the 
information  from  the  experiment  has  been  recorded  on  paper  charts,  the 
latter  are  examined  and  the  appropriate  readings  are  transferred  to  a 
table.  Figure  26  shows  a  sample  of  the  analysis  table.  Here,  the  time 
reference  e  lies  to  appropriate  periods  during  each  observation  when 
prescribed  conditions  within  the  jet  were  obtained;  Rq^  refers  to  the 
apparent  resistance  of  the  wet-bulb  temperature  probe  as  indicated  by 
its  precision  bridge;  q^dx^  represents  the  change  in  the  resistance  of 
the  temperature  probe  for  the  indicated  deflection  of  the  recorder  pen; 

2^  refers  to  the  correction  factor  which  accounts  for  the  resistance  of 
the  electrical  leads  to  the  temperature  probe  (Equation  56);  finally, 
the  corrected  resistance  of  the  wet-bulb  temperature  probe,  R^,  is 
calculated  through  Equations  (53)  and  (54). 

The  wet-bulb  temperature  within  the  jet  now  is  deduced  from  the 
information  in  this  table.  The  relationship  between  and  the  wet-bulb 

temperature  Tp  is  given  in  Equation  (57),  A  table  which  gives  this 
relationship  for  the  range  of  temperatures  between  0°C  and  50°C  has  been 
computed  by  means  of  the  IBM  650  computer.  The  program  for  this  computation 
is  given  in  Appendix  V.  These  tables  cover  the  range  of  variables: 

100.000  ohas  119.999  ohms 

0.27°C  £  Td  4s.  50.30°C 


(59) 
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The  saturation  vapour  pressure  at  the  wet-bulb  temperature  (ey)  is 
now  deduced  from  the  above  information.  Here,  it  is  necessary  to  refer 
further  to  the  tables  in  Appendix  IV. 

The  f inal  step  in  the  calculations  is  made  through  a  single 
computer  program.  This  program  combines  the  operations  of  Equations  (51), 
(53),  (54)  and  (55)  tc  ascertain  the  dry-bulb  temperature  from  the  recorder 
chart  information  (Figure  26).  It  then  inserts  the  information  upon  dry- 
bulb  temperature,  wet-bulb  temperature,  saturation  vapour  pressure  at  this 
wet-bulb  temperature,  and  the  observed  air  pressure  into  Equation  (44). 

For  this  purpose,  the  psychrometric  equation  with  the  coefficients  from 
Wexler  and  Brombacher  (see  Table  4)  has  been  employed  to  ascertain  the 
partial  vapour  pressure.  Then,  the  computer  program  continues  with 
Equation  (40)  to  determine  the  refractive  index  of  the  air  in  the  jet. 
Appendix  IV  gives  the  appropriate  computer  program,  and  a  sample  cal¬ 
culation  is  also  included. 


Date 

April  20/63 

PLATINUM  PROBE-BRUSH  RECORDER  TE 

Remarks :  Microwave  Ref ractometer 
Temperature  Compensation 
Invar-Brass  Cavity 

MPERATtRE  ANALYSIS 

Test,  T  =  25°C 

p  =  982.3  mbs. 

Time 

Reference 

Channel  I  (wet) 

Channel  II  (dry) 

R01 

B 

axl 

*1 

^l 

El 

R02 

**2 

eW 

1 

105.20 

in 

7.50 

tn 

106.448 

15.959 

109.70 

1.25 

18.144 

2 

»n 

M 

7.75 

S 

106.450 

15.964 

3.25 

18.144 

3 

s 

10.50 

i 

106.479 

16.037 

11.25 

18.236 

4 

O 

15.00 

• 

mmJ 

106.525 

16.153 

109.90 

5.50 

18.365 

5 

105.40 

o 

0.50 

106.577 

16.284 

18.00 

18.518 

6 

5.00 

106.624 

16.403 

110.10 

H.00 

18.661 

7 

9.50 

106.671 

16.522 

110.30 

3.50 

18.803 

8 

13.50 

106.712 

16.625 

13.75 

18.935 

9 

17.00 

106.748 

16.716 

110.50 

4.00 

19.043 

10 

105.60 

1.25 

106.787 

16.814 

12.00 

19.153 

11 

4.75 

106.824 

16.908 

110.70 

1.50 

19.274 

12 

8.00 

106.857 

16.991 

9.00 

19.373 

13 

11.50 

106.894 

17.084 

17.00 

19.484 

14 

10.50 

106.883 

17.057 

9.00 

19.459 

15 

6.00 

106.836 

16.938 

no.  50 

12.75 

19.311 

16 

105.40 

20.00 

106.779 

16.794 

15.00 

19.129 

17 

15.50 

106.733 

16.678 

1.00 

18.995 

18 

11.00 

106.686 

16.559 

110.10 

5.00 

18.851 

19 

7.00 

106.645 

16.456 

11.00 

18.732 

20 

3.25 

106.606 

16.358 

109.70 

18.25 

18.613 

21 

105.20 

18.75 

106.564 

16.252 

7.75 

18.483 

22 

15.75 

106.533 

16.173 

17.50 

18.388 

23 

12.75 

106.502 

16.095 

8.75 

18.306 

24 

10.00 

106.474 

16.025 

1.50 

18.225 

25 

7.25 

106.445 

15.951 

109.30 

12.75 

18.132 

26 

5.00 

106.422 

15.893 

6.50 

18.063 

27 

2.50 

106.396 

15.828 

109.10 

18.75 

17.994 

28 

105.00 

19.50 

106.370 

15.762 

13.25 

17.914 

29 

17.25 

106.346 

15.701 

7.50 

17.845 

30 

15.00 

106.323 

15.644 

2.00 

17.777 

31 

13.25 

106.305 

15.598 

108.90 

16.50 

17.732 

Figure  26:  Sample  temperature  analysis  table 
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6.  The  Optical  Ellipsometer 

An  auxilliary  study  of  surface  adsorption  has  be^n  undertaken  to 
provide  additional  information  on  the  refractometer  seniors.  The  method 
used  here  employs  optical  techniques  to  observe  the  formation  of  an  adsorbed 
layer  upon  the  surfaces  of  quartz  and  invar.  Plane -polarized  light  is 
reflected  from  the  surface  under  study,  and  the  change  in  the  ellipicity 
of  polarization  upon  reflection  is  used  as  an  indication  of  the  thickness 
of  the  adsorbed  layer. 

Various  techniques  of  optical  ellipsometry  have  been  described 
in  the  literature.  The  simplest  method,  and  that  used  in  the  present 
study,  is  attributed  to  Rothen  (1945).  More  complex  improvements  in  the 
technique  have  been  described  by  others,  including  Rothen  and  Hanson  (1948), 
Derjagvin  and  Zorin  (1957),  and  Silverman  (1930). 

The  experimental  arrangement  is  illustrated  in  Figure  27.  The 
monochromatic  light  is  provided  by  a  sodium  source.  The  sodium  light 
passes  through  a  narrow  slit,  and  is  focussed  through  a  Polaroid  upon 
the  surface  under  study,  at  an  angle  of  incidence  of  60°.  Ihe  reflected 
light  is  passed  through  a  quarter-wave  mica  plate,  where  it  is  analyzed 
by  a  Nicol  prism  and  observed  visually. 

Observations  upon  the  reflected  polarized  light  are  carried  out 
within  a  darkened  room.  Initially,  the  quarter-wave  plate  and  the  analyzer 
are  adjusted  successively  for  the  deepest  null  in  the  reflected  light 
intensity.  Then,  with  the  reflecting  quartz  or  invar  plate  in  the  bell- jar, 
the  relative  humidity  in  the  chamber  is  increased  ly  adding  water  via  the 
reservoir  and  bubbling  air  through  it,  or  decreased  by  removing  the  water 
via  the  reservoir  and  blowing  in  dry  air.  The  relative  humidity  of  the 
air  in  the  chamber  is  determined  by  the  readings  of  the  wet-  and  dry-bulb 


PLATE  UNDER  STUOY 


V  V>— POLAROtO 


1/4*  WAVE  PLATE 


FOCUS  I  NO  LENS  ANALYZING  NICOL- 
8001 UH  LIGHT 

SOURCE  VEIWING  EYE  - 


IELL  JAR 


- -CA8ELLA 

THERMOMETERS 


WATER  RESEUOIR- 


“WET  BULB  WATER 
SUPPLY  S  WICK 

GLASS  TUBE 


CONTAINER — ' 

PLATE  UNDER  STUDY 
STOPCOCKS - - 


/•* 


MOTOR 


FROM  AIR  SUPPLY 


‘DIRECTION  OF 
AIR  FLOW 

-AIR  OUTLET 


gure  27 :  The  optical  ellipsometer 
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thermometers.  After  the  moist  air  is  introduced,  the  rotation  of  the 
analyzer  alone  is  adjusted,  again  for  the  deepest  null  in  reflected  light. 

The  amount  of  rotation  of  the  plane  of  polarization  of  the  reflected 
light  is  taken  as  an  indication  of  the  thickness  of  the  adsorbed  layer  upon 
the  sample.  Rothen  (1945)  has  calibrated  his  system  with  films  of  barium 
stearate;  this  calibration  has  shown  a  linear  relationship  between  the 
amount  of  rotation  and  the  thickness  of  the  layer.  However,  no  calibration 
of  this  sort  has  been  provided  for  the  present  experiment  with  water  films. 
Only  qualitative  information  on  the  layer  thickness  has  been  obtained  in 
the  experiment  reported  here. 


Some  ten  groups  of  observations  have  been  made  upon  quartz  and  invar 


plates.  Hie  results  of  these  observations  are  summarized  in  Table  8. 

Table  8 

Ellipsometer  Observations  Upon  Samples  of  Quartz  Plate  and  Invar  Plate 

Material 

No.  of  Observations 

Remarks 

Invar  plate  (flat), 
untreated 

1  -  unventilated 

Not  able  to  observe  null 
setting 

Invar  pl^te  (flat), 
cleaned  with  abrasive 
cleaner 

3  -  unventilated 

No  detectable  rotation  of 
polarization  (within  -2.5°) 
for  R.H.  up  to  saturation. 

Invar  plate  (flat), 

3  -  ventilated 

(same  as  in  previous 

cleaned  with  abrasive 
cleaner 

(800  ft.  per  minute) 

observations) 

Fused  quartz  plate 

3  -  ventilated 

Rotation  of  polarization 

(flat). 

(800  ft.  per  minute) 

increased  as  R.H.  increased 
above  20  percent,  with  ro¬ 
tation  of  15  degrees  as  R.H. 
approached  50  percent.  At 

R.H.  =  50  percent,  polarization 
rotation  increased  abruptly 
to  approx.  30  degrees. 

For  R.H.  greater  than  50 
percent,  polarization  rotation 
varied  erratically. 

Furtb***  consideration  will  be  given  to  these  observations  in  Section  8. 
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7.  Experimental  Observations  in  the  Wind  Tunnel 

This  section  will  describe  the  experimental  observations  upon  the 
microwave  refractometer  and  upon  the  capacitor- type  refractometer  within 
the  jet  of  the  wind  tunnel.  Before  these  measurements  were  undertaken, 
the  hygrometer  probes  were  mounted  in  the  mouth  of  the  exit  cone,  at  a 
position  off  the  central  axis  of  the  jet.  This  position  was  ascertained 
through  numerous  measurements,  such  that  the  hygrometer  did  not  interfere 
appreciably  with  the  distribution  of  temperatures  within  the  jet,  and  yet 
it  gave  an  accurate  indication  of  the  temperature  at  the  refractometer 
sensor.  Care  was  4aken  to  assure  that  the  hygrometer  wetting  system  was 
properly  adjusted  before  each  observation  described  in  the  following 
sections.  The  barograph  was  mounted  at  the  edge  of  the  jet,  near  the 
exit  cone;  this  position  was  found  to  give  a  sensitive  indication  of 
pressure  within  the  jet.  The  experimental  arrangement  has  been  indicated 
in  Figure  9. 

All  experimental  observations  have  been  made  with  the  refractometer 
sensors  mounted  in  the  most  homogeneous  part  of  the  jet.  In  each  case, 
the  axis  of  the  sensor  was  parallel  to  the  direction  of  air  flow.  ITie 
microwave  cavity  was  suspended  within  the  jet  by  nylon  cords;  however, 
after  numerous  trials,  it  was  found  necessary  to  mount  the  capacitor- type 
refractometer  upon  a  rigid  glass  stand  within  the  jet.  The  trolley  system 
had  been  removed  previously  from  the  region  of  the  jet,  to  prevent  its 
interference  with  these  observations. 

The  appropriate  conditions  of  temperature  and  relative  humidity 
within  the  jet  were  maintained  by  adjustment  of  the  manual  controls  of  the 
refrigeration  unit,  electric  heater,  dehumidifier  and  water  vapour  injector, 
as  indicated  previously.  All  recordings  of  temperature,  pressure  and 


4 
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refractivity  were  synchronized,  and  the  series  of  desired  events  noted 
upon  the  recordings  during  each  observation.  Through  these  precautions, 
it  was  found  that  the  indicated  refractivities  under  stationary  conditions 
were  repeatable  within  two  parts  per  million. 

Ihe  refractometer  sensors  were  prepared  carefully  before  each  set 
of  observations.  No  modifications  of  the  sensor  in  the  microwave 
refractometer  were  made,  but  several  changes  were  made  in  the  sensor 
of  the  capacitor-type  refractometer.  These  are  described  in  Section  7.3. 

In  the  latter,  the  reference  capacitor  was  isolated  from  changes  in 
external  humidity  by  surrounding  it  with  a  stiff  waxed  paper  cover; 
further,  all  sharp  edges  of  the  refractometer  surface  were  smoothed,  and 
unnecessary  protrusions  removed  to  eliminate  pockets  that  may  trap  water 
vapour, 

7.1  Temperature  Coefficient  of  the  Refractometers 

It  is  necessary  to  establish  the  effect  of  a  temperature  change 
upon  the  refractometer  sensors,  apart  from  the  associated  change  in  air 
refractivity.  This  temperature  coefficient  of  the  refractometers  has 
been  ascertained  by  operating  each  of  the  two  refractometers  within  the 
jet  as  the  air  temperature  is  varied  and  the  relative  tumidity  of  the  air 
is  maintained  at  a  value  below  20  percent.  No  attempt  has  been  made  to 
incorporate  temperature  compensation  into  the  refractometer  sensors, 
beyond  that  which  existed  prior  to  these  experimental  observations.  The 
rate  of  change  of  temperature  has  been  sufficiently  slow  that  the 
refractometer  sensors  and  the  hygrometer  probes  were  in  equilibrium 
with  the  air  in  the  jet. 

The  temperature  coefficient  of  the  refractometers  has  been  ascertained 
for  each  of  the  types  of  sensor  used  in  the  following  observations.  This 
coefficient  is  deduced  by  noting  the  difference  between  the  true  air 
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refractivity  as  deduced  from  the  temperature  and  pressure  readings ,  and  the 
refractivity  as  indicated  by  the  refractometer,  for  a  change  of  several 
degrees  in  the  jet  temperature.  A  sample  indication  of  the  temperature 
coefficient  for  the  microwave  refractometer  is  shown  in  Figure  28.  The 
mean  temperature  for  this  measurement  was  20°C,  It  will  be  seen  that  the 
microwave  cavity  is  adequately  temperature  compensated  for  the  precision  of 
measurements  in  this  experiment. 

A  sample  indication  of  the  temperature  coefficient  of  the  capacitor- 
type  refractometer  also  is  indicated  in  Figure  28.  Here,  the  temperature 
coefficient  is  20  parts  per  million  per  °C.  Similar  measurements  have 
been  made  at  mean  temperatures  also  of  10,  30  and  40°C.  These  have  shown 
that  the  temperature  coefficient  is  essentially  constant  over  this  range 
of  temperatures. 

This  information  on  the  temperature  coefficient  of  the  two  refracto- 
meters  has  been  applied  in  the  following  observations.  In  each  case,  the 
contribution  to  indicated  refractivity  that  arises  from  changes  in  the 
sensor  dimensions  has  been  deducted.  The  remaining  changes  in  indicated 
refractivity,  then,  are  attributed  to  the  air  within  the  sensing  element. 

In  practice,  the  temperature  of  the  air  within  the  jet  has  been  maintained 
constant  within  0.1°C  throughout  each  observation  interval,  and  hence  the 
necessary  temperature  correction  is  small. 

7.2  Refractivity  Change  with  Hunidity  -  The  Microwave  Refractometer 

Nine  sets  of  observations  have  been  made  with  the  microwave  refracto¬ 
meter.  In  these,  the  temperature  has  been  maintained  essentially  constant 
at  approximately  27°C,  32°C  and  51°C  while  relative  humidity  is  changed 
from  approximately  20  percent  upwards  to  saturation.  Figure  29  illustrates 
the  analysis  of  these  observations.  It  will  be  seen  that  the  refractivity 
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as  indicated  by  the  microwave  refractometer  follows  the  true  refractivity 
of  the  air  within  the  jet  for  relative  humidities  less  than  85,  75  an^  50 
percent,  respectively,  at  temperatures  27°,  32°  and  51°C;  for  greater 
relative  humidities,  the  indicated  refractivity  departs  from  the  true 
refractivity,  and  the  amount  of  the  departure  increases  by  approximately 
7  parts  per  million  pei  millibar  change  in  vapour  pressure, 

7,3  Refractivity  Change  with  Humidity  -  The  Capacitor- Type  Refractometer 
Several  changes  have  been  made  in  the  physical  construction  of  the 
sensing  element  of  the  capacitor-type  refractometer.  These  changes  have 
been  designed  to  yield  information  on  the  process  of  vapour  adsorption. 

The  results  of  each  modification  upon  the  indicated  refractivity  are 
described  in  the  separate  sub-sections  below. 

(a)  Quartz-Invar  Sensor  with  Six  Quartz  Spacers  -  Uncoated 

The  combination  of  quartz  and  invar  in  the  sensing  capacitor  has 
been  used  because  of  the  low  temperature  coefficient  of  expansion.  Figure  17 
has  illustrated  the  physical  construction  of  this  capacitor.  It  will  be 
noted  that  the  quartz  spacers  are  cylindrical,  with  shallow  slits  cut 
along  one  side  to  seat  the  invar  plates.  These  plates  are  fastened  in 
place  with  water-resistant  resin  glue  (Lepage  *s  ’’Bondfast",  baked  in  an 
oven  for  several  hours  to  remove  moisture.) 

The  refractivity  of  the  air  within  the  jet  has  been  measured  with 
this  sensor  containing  six  quartz  spacers.  These  measurements  were  made 
with  mean  air  temperatures  of  9°,  24°,  33°  and  47°C,  as  the  hwnidity  of 
the  air  was  increased  from  about  20  percent  to  saturation.  Figure  30 
illustrates  the  results  of  these  observations.  It  will  be  seen  that  in 
each  case  the  indicated  refractivity  follows  the  true  (Debye)  refractivity 
for  relative  humidities  up  to  48  percent.  At  higher  relative  humidities, 
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the  indicated  air  refractivity  departs  rapidly  from  the  true  refractivity , 
with  the  non-linear  increase  becoming  very  large  in  the  neighbourhood  of 
saturation,  (The  Debye  line  terminates  at  saturation,  in  each  case, 
except  for  that  of  47°C), 

(b)  Quartz-Invar  Sensor  with  Six  Quartz  Spacers  -  Coated  with  Siliclad 

The  effect  of  a  hydrophobic  coating  upon  the  refractivity  indication 
has  been  examined  in  this  set  of  observations.  The  configuration  of  the 
refractometer  sensor  is  the  same  as  that  in  the  previous  study,  and  the 
hydrophobic  material  is  water-soluble  silicone  concentrate  (siliclad, 
manufactured  by  Clay-Adams  Incorporated,  New  York  10,  New  York). 

Two  sets  of  measurements  have  been  made  upon  this  type  of  refracto¬ 
meter  sensor.  In  one,  only  the  quartz  spacers  have  been  coated  with  the 
hydrophobic  material;  it  was  found  that  the  indicated  refractivity  departed 
from  the  true  (Debey)  refractivity  at  a  relative  humidity  of  35  percent. 

For  greater  relative  humidities,  the  trend  of  the  departure  is  similar 
to  that  described  under  (a)  above.  When  both  the  quartz  spacers  and  the 
invar  plates  of  the  capacitor  were  coated  with  the  hydrophobic  compound, 
the  departure  from  the  true  refractivity  was  somewhat  similar,  but  to  a 
lesser  extent.  The  second  set  of  points  in  Figure  31  indicates  the 
observations  for  the  latter  case. 

(c)  Quartz-Invar  Sensor  with  Six  Quartz  Spacers  -  Coated  with  Cup-Crease 

Hie  procedure  of  section  (b)  has  been  repeated,  but  with  a  different 
hydrophobic  material.  These  results  are  illustrated  also  in  Figure  31, 

The  application  of  a  thin  layer  of  cup-grease  to  the  quartz  spacers  alone 
results  in  a  marked  decrease  in  the  departure  of  indicated  refractivity 
from  true  refractivity;  the  departure  begins  at  a  relative  humidity  of 
48  percent,  and  the  trend  in  the  departure  is  similar  to  that  of  the 
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Figure  31:  Comparison  between  indicated  and  true  refractivity,  - 
The  Capacitor-Type  Refractometer: 

Effects  of  hydrophobic  coatings 
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previous  observations.  When  the  whole  of  the  capacitor  is  covered  with  a 
thin  layer  of  cup-grease,  the  departure  between  indicated  and  true 
refractivity  is  even  less  than  above;  in  this  case,  the  departure  also 
begins  at  a  relative  humidity  of  48  percent.  The  third  set  of  points 
in  Figure  31  applies  to  the  latter  case. 

(d)  Quartz-Invar  Sensor  with  Varied  Number  of  Quartz  Spacers,  -  Uncoated 

A  study  has  been  made  upon  the  adsorption  of  water  vapour  upon 
the  quartz  spacers,  by  varying  the  number  of  spacers.  The  number  of  spacers 
was  varied  from  six  to  zero;  in  the  latter,  the  configuration  is  as  shown 
in  the  photograph  of  Figure  17.  Here,  the  only  solid  dielectric  in  the 
capacitor  is  at  the  mounting  base  where  it  contacts  the  box  of  the 
refrac  tome  ter.  The  capacitor  plates  are  held  in  position  by  rigid  bolts 
that  fasten  to  projections  from  each  plate. 

Figure  32  illustrates  the  results  of  these  observations.  In  all 
cases,  the  indicated  refractivity  departs  from  the  true  refractivity  at 
a  relative  humidity  of  about  50  percent,  but  the  extent  of  the  departure 
decreases  with  the  decreasing  number  of  quartz  spacers  in  the  capacitor. 

(e)  Quartz-Invar  Sensor  and  Invar  Sensor,  -  Coated  with  Beeswax 

The  final  set  of  observations  has  been  made  upon  the  poorest  and 
the  best  of  the  capacitor  configurations  that  were  used  in  the  previous 
studies.  In  each  case,  the  whole  of  the  capacitor  was  coated  with  a 
thin  layer  of  beeswax,  dissolved  in  benzene.  The  results  of  these 
measurements  are  shown  in  the  two  right-hand  curves  of  Figure  31,  Again, 
it  will  be  seen  that  the  indicated  refractivity  departs  from  the  true 
refractivity  at  a  relative  humidity  in  excess  of  48  percent.  For  the 
capacitor  containing  six  quartz  spacers,  the  total  departure  from  true 
refractivity  is  less  than  that  observed  when  the  capacitor  was  coated 
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with  cup-grease.  A  further  improvement  is  noted  when  all  of  the  quartz 
spacers  are  removed  from  the  capacitor;  here,  the  performance  approaches 
that  of  the  microwave  refractometer. 
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* •  Interpretation  and  Remarks 

T he  interpretation  of  the  observations  in  the  experiment  reported 
here  will  be  based  upon  a  number  of  assumptions.  First,  it  will  be 
recognized  that  the  process  of  water  vapour  adsorption  probably  is  res¬ 
ponsible  for  the  anomalous  behaviour  of  the  refractometer  sensors  at  high 
relative  humidities.  This  assumption  appears  entirely  reasonable,  in  view 
of  the  previous  work  reported  in  Section  2.2.  Secondly,  the  extensive 
difficulties  that  are  encountered  in  the  precise  calibration  of  a  hygrometer 
have  made  it  necessary  to  assume  the  Wexler-Brombacher  form  of  the  psychrometric 
equation.  This  form  has  been  obtained  through  careful  laboratory  measurements, 
and  it  has  been  used  widely.  Thirdly,  the  form  of  the  Debye  equation  that 
is  attributed  to  Smith  and  Weintraub  also  has  been  used  in  the  calculation 
of  refractive  index  from  the  hygrometer  measurements.  Although  this  form 
of  the  equation  has  not  been  accepted  universally,  it  has  been  found  satis¬ 
factory  for  most  refractivity  observations  as  reported  in  the  literature. 

The  goodness  of  the  second  and  third  assumptions  in  the  present  experiment 
has  been  demonstrated  at  least  for  a  wide  range  of  variation  in  relative 
humidity  by  the  close  agreement  between  the  refractive  index  of  the  air  as 
measured  by  the  microwave  refractometer  and  the  improved  Hay  refractometer, 
and  the  calculated  refractivity  as  deduced  from  the  hygrometer  measurements 
through  the  application  of  the  Wexler-Brombacher  formula  and  the  Smith- 
Weintraub  equation. 

A  fourth  assumption  involves  the  lack  of  dispersion  in  air  refractivity 
over  the  radio  frequency  spectrum.  It  has  been  demonstrated  by  Kerr  (1951, 
Chapter  VIII)  that  the  refractive  index  (or  dielectric  constant)  and  the 
electromagnetic  absorption  of  a  non-conducting  and  non-ferromagnetic  medium 
such  as  the  air  in  the  troposphere  are  closely  related  by  the  physical 
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properties  of  the  medium.  A  change  in  the  refractive  index  of  the  medium 
must  be  accompanied  by  a  predictable  change  in  the  absorption  or  attenu¬ 
ation  of  the  medium.  In  this  way,  it  may  be  shown  that  the  refractive 
index  of  the  air  varies  by  much  less  than  one  part  per  million  over  the 
whole  of  the  radio  frequency  spectrum.  Consequently,  the  same  refractivity 
indication  must  be  made  by  the  capacitor-type  refractometer  at  a  frequency 
of  approximately  6  Mc/s  and  the  microwave  refractometer  at  a  frequency  of 
10,000  Mc/s. 

8.1  Deductions  from  the  Present  Experiment 

The  observations  with  the  optical  eliipsometer  have  raised  an 
important  question.  The  processes  of  adsorption  upon  quartz  and  upon 
invar  plates  apparently  are  notably  different.  Although  the  observations 
were  only  qualitative,  a  comparison  of  the  two  materials  under  similar 
conditions  showed  that  adsorption  of  vapour  occurs  readily  upon  the  quartz 
surface,  but  not  perceptibly  upon  the  isolated  invar  surface.  Further, 
it  is  reasonable  to  assume  that  the  sensitivity  of  the  eliipsometer  is 
sufficient  for  the  present  experiment,  since  it  indicated  the  onset  of 
adsorption  at  a  much  lower  relative  humidity  than  the  observations  within 
the  wind  tunnel.  Although  adsorption  upon  the  quartz  surface  was  observed 
for  relative  humidities  in  excess  of  20  percent,  the  amount  of  adsorption 
becomes  sufficient  to  affect  the  capacitor- type  sensor  only  at  the  large 
and  erratic  increase  for  relative  humidities  exceeding  50  percent. 

A  further  question  arises  from  a  comparison  of  the  eliipsometer 
observations  with  those  obtained  in  the  wind  tunnel.  Although  the  process 
of  adsorption  appears  to  take  place  upon  the  metal  surfaces  of  the  capacitor- 
type  sensor  and  the  microwave  cavity,  at  least  for  relative  humidities 
exceeding  85  percent,  no  adsorption  was  observed  upon  the  isolated  invar 
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plate  within  the  optical  ellipsometer  at  humidities  up  to  saturation.  If 
it  is  accepted  that  the  optical  ellipsometer  is  sufficiently  sensitive 
to  indicate  the  presence  of  an  adsorbed  layer  upon  the  metal,  then  it  may 
be  suggested  that  the  physical  arrangement  for  the  metal  within  the 
ellipsometer  does  not  represent  the  conditions  found  in  the  refractometer 
sensors.  One  possible  difference  is  the  presence  of  an  electric  field 
within  the  refractometer  sensors,  which  is  absent  in  the  isolated  invar 
plate  within  the  ellipsometer.  It  is  suggested  further,  that  the  difference 
in  the  behaviour  of  the  microwave  refractometer  sensor  and  the  improved 
capacitor-type  sensor  at  higher  relative  humidities  is  due  to  the  difference 
in  the  electric  field  intensity  at  the  metal  surfaces  in  these  two  types 
of  sensors,  and  the  consequent  effects  upon  the  process  of  water  vapour 
adsorption. 

The  results  of  the  refractometer  study  using  the  experimental  wind 
tunnel  may  be  sunmarized  as  follows.  The  physical  process  of  vapour 
adsorption  occurs  in  both  the  microwave  refractometer  cavity  and  in  the 
capacitor-type  refractometer  sensor,  in  an  amount  which  is  sufficient  to 
affect  the  indication  of  refractive  index  at  high  relative  humidities. 

However,  the  effect  is  notably  different  within  the  two  sensors:  the 
departure  between  the  true  refractivity  (Debye)  and  the  indicated  refractivity 
exceeds  one  part  per  million  for  a  minimum  relative  humidity  which  depends 
upon  the  air  temperature  in  the  microwave  refractometer,  and  for  a  minimum 
relative  humidity  which  is  essentially  independent  of  temperature  in  the 
untreated  capacitor-type  refractometer  sensor.  The  departure  increases 
almost  linearly  with  increase  in  vapour  pressure  within  the  microwave 
cavity,  but  the  departure  is  non-linear  with  increasing  vapour  pressure 
in  the  capacitor  sensor. 
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Two  factors  are  important  to  the  physical  process  of  adsorption 
within  the  capacitor  sensor.  The  amount  of  adsorption  upon  the  sensor 
surfaces  depends  upon  the  quantity  of  quartz  present  in  the  capacitor; 
here,  the  effects  of  adsorption  decrease  with  decreasing  quantity  of 
quartz.  Secondly,  adsorption  depends  upon  the  type  of  surface  coating  on 
the  capacitor.  Various  types  of  hydrophobic  materials  when  applied  in  a 
thin  layer  to  the  surfaces  of  the  capacitor,  tend  to  discourage  the 
adsorption  process  to  different  degrees.  A  thin  layer  of  beeswax  has 
been  found  to  provide  the  greatest  protection  against  adsorption  when 
applied  to  all  surfaces  of  the  capacitor  sensor.  It  should  be  noted 
further,  that  even  when  all  of  the  quartz  dielectric  is  removed  from  the 
region  of  strong  electric  field  within  the  capacitor  sensor,  the  onset 
of  significant  adsorption  for  an  air  temperature  of  about  26°C  occurs 
at  a  lower  relative  humidity  in  the  capacitor  sensor  than  in  the  microwave 
cavity  sensor. 

8.2  Comnents  Upon  Practical  Applications 

The  results  of  the  present  experiment  have  indicated  several 
points  of  practical  importance.  First,  it  has  demonstrated  the  need  for 
care  in  interpreting  refractivity  measurements  upon  air  at  high  relative 
humidities;  errors  in  apparent  refractivity,  well  in  excess  of  one  part 
per  million,  will  occur  in  measurements  with  the  microwave  refractometer 
and  with  the  capacitor-type  refractometer  at  high  relative  humidities. 
Secondly,  it  is  possible  to  obtain  a  considerable  improvement  in  the 
accuracy  of  refractivity  indication  (at  least  in  the  capacitor-type 
refractometer)  through  appropriate  design  of  the  sensing  element.  This 
includes  construction  of  the  capacitor  with  the  quartz  dielectric  removed 
from  the  region  of  strong  electric  field,  and  the  coating  of  the  metal 
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plates  with  a  suitable  hydrophobic  material.  An  incidental  result  is 
derived  from  the  observations  upon  the  temperature  coefficient  of  expansion 
of  the  sensing  element;  the  temperature  coefficient  in  the  capacitor-type 
refractometer  is  predictable  with  a  high  degree  of  precision  over  a  wide 
range  of  temperatures. 

The  present  experiment  suggests  the  need  for  further  study.  It  is 
desirable  that  an  examination  be  made  of  the  value  of  other  types  of 
hydrophobic  coating  upon  th*  refractometer  sensor;  this  investigation 
should  be  applied  not  only  to  the  capacitor-type  refractometer,  but  also 
to  the  microwave  refractometer.  This  study  may  also  be  extended  to  include 
other  types  of  metal  in  the  sensing  element.  The  possibility  of  reducing 
undesirable  defects  of  adsorption  through  reducing  the  strength  of  the 
electric  field  intensity  at  the  sensing  element  also  deserves  further 
consideration.  In  addition,  the  study  of  temperature  compensation  in 
the  refractometer  sensors  may  be  carried  out  readily  with  the  wind-tunnel 
facility. 

8.3  Comments  upon  the  Physical  Process  of  Adsorption 

An  academic  interest  in  the  physical  process  of  vapour  adsorption 
upon  solid  surfaces  raises  several  questions  from  the  results  of  the  present 
experiment.  The  apparent  difference  in  the  adsorption  upon  quartx  and 
upon  invar  indicates  a  need  for  a  further  study  on  the  basic  physical 
processes.  This  would  include  a  study  of  the  roles  played  by  an  electric 
field  at  the  surface  of  the  material,  by  various  types  of  materials  and 
contaminations  upon  the  surface,  and  by  the  motion  of  the  humid  air  at 
the  surface.  At  the  present  time,  the  processes  of  adsorption  and 
condensation  upon  solid  dielectric  and  metal  surfaces  at  saturation 
vapour  pressures  are  poorly  understood;  the  techniques  for  this  study 
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would  also  require  careful  consideration.  An  extensive  bibliography  on 
water  vapour  adsorption  at  solid  surfaces  has  been  compiled  and  included 
in  Appendix  VII. 

A  better  understanding  of  the  process  of  vapour  adsorption  at 
metal  surfaces  would  permit  a  further  investigation  into  some  of  the 
assumptions  made  in  this  last  section.  Of  considerable  interest  is  the 
accuracy  of  the  coefficients  in  the  Smith-Weintraub  form  of  the  Debye 
equation,  especially  at  high  relative  humidities.  Further,  the  construction 
of  an  improved  refractometer  sensor  would  permit  a  more  careful  comparison 
between  the  measured  refractivity  of  a  sample  of  air  and  that  predicted 
from  hygrometer  and  barometer  measurements  through  the  application  of 
the  Debye  and  the  psychrometric  equations. 
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Figure  A-2:  Circuits  of  cathode  follower  and  integrator,  and  of  blanking  amplitude  control 
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Figure  A- 3 :  Pulse-sharpening  circuits 
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Figure  A-4:  The  pulse  and  sawtooth  waveform  generators 
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Appendix  II 

Experimental  Procedure  for  Calibration  of  the 
Platinum  Wire  Resistance  Hygrometer 

The  following  experimental  procedure  has  been  followed  for  each  set  of 
observations  upon  the  hygrometer  in  the  humidity  calibration  chamber: 

1.  All  parts  of  the  calibration  chamber  and  its  associated  apparatus  are 
cleaned  with  detergent  and  Bon  Ami,  and  finally  with  distilled  water. 

2.  The  calibrating  salt  solutions  are  prepared  several  hours  in  advance  of 
the  calibration,  in  covered  pyrex  dishes,  to  allow  the  temperature  of 
the  solution  to  approach  room  temperature. 

3.  On  the  evening  before  the  calibration,  the  following  procedures  are 
carried  out: 

(a)  Turn  on  all  electronic  equipment. 

(b)  Place  required  solution  in  the  pyrex  plate  within  the  bell-jar. 

(c)  Empty  the  water  reservoir  for  the  wet-bulb  probe. 

4.  On  the  morning  of  the  calibration  the  procedure  is  as  follows: 

(a)  Apply  bias  potential  to  the  platinum  resistance  probes. 

(b)  Fill  the  water  reservoir  for  the  wet-bulb  probe. 

(c)  After  waiting  ten  minutes,  take  the  barometer  and  manometer  readings 
and  the  temperature  of  the  calibrating  solution. 

(d)  Ventilate  the  chamber  at  the  prescribed  rate  and  record  the  probe 
temperatures  for  three  minutes. 

(e)  Take  the  barometer  and  manometer  readings  and  the  temperature  of 
the  calibrating  solution  irrmediateiy  after  the  completion  of  the 
previous  step. 

(f)  Turn  off  chamber  ventilation,  and  take  the  barometer  and  manometer 
readings,  and  the  temperature  of  the  calibrating  solution.  Then 
record  the  temperature  probe  readings  for  two  minutes. 
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(g)  Take  the  readings  of  the  barometer  and  manometer  and  the  solution 
temperature  immediately  after  the  preceeding  step. 

(h)  Check  the  zero  setting  and  the  calibrations  of  the  recorder 
amplifiers. 

(i)  After  waiting  for  15  minutes,  repeat  the  three  previous  steps. 

(j)  Wait  for  one  hour,  and  check  the  level  of  the  water  in  the 
reservoir  for  the  wet-bulb  probe. 

(k)  Repeat  the  above  recording  procedure. 

(l)  Remove  the  water  from  the  reservoir  for  the  wet-bulb  temperature 
probe . 

(m)  After  waiting  for  two  hours,  repeat  all  of  the  above  steps. 

(n)  Prepare  for  next  dayfs  calibration  as  in  procedure  3  above. 
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Appendix  III 

Sample  Analysis  of  Observations  Taken  in  Hygrometer  Calibration 

Calibrating  Solution:  K2SO4  (R.H.  approx,  97  percent) 

Equation  to  be  solved:  e  -  e^  -  A  p(7  -  Tjj)  . , .  (a) 

where  A  is  the  unknown  to  be  ascertained. 

Information  obtained  from  the  observations: 

Temperature  of  calibrating  solution  =  Tg°C 

Barometric  pressure  of  air  in  the  chamber  ~  p  (millibars) 

Temperature  of  air  in  chamber,  before  ventilation  =  T0  °C 
At  point  "aM  in  recordings  (when  T^  first  reaches  minimum  value): 

Air  temperature  =  (T)a 
Wet-bulb  temperature  -  (TD)a 

Similarly  for  other  subsequent  points  "b",  "c",  etc.  in  recordings. 

Then  the  above  information  for  each  of  points  "a",  MbM,  etc,  is  applied  as 
follows : 

(i)  Average  of  Tg  and  T0  taken  to  ascertain  relative  humidity  of  air 
in  chamber  before  ventilation  (RHq),  from  graphs  in  paper  by 
Wexler  and  Hasegawa  (1954), 

(ii)  Vapour  pressure  of  air  in  chamber  before  ventilation  (e0)  is  found 
from  tables  of  saturation  vapour  pressure  (es),  from  appropriate 
es  at  temperature  T0,  and  from  RH0. 

(iii)  For  observations  at  point  ,faf\  temperatures  are  found  to  have 
increased  and  hence  ea  is  greater  than  eQ. 

Since  e0  x  T0,  (according  to  the  gas  law),  x  may  be  deduced,  and 

then  ca  x(T)a.  (assuming  negligible  loss  or  gain  of  water  vapour 

in  the  time  between  sets  of  observations). 
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This  value  is  substituted  in  the  hygrometric  formula  (a)  above 
to  give: 

ea  =  es(TD)a  -  A  p  :(T)a  -  (TD)a  ]  . 

Example:  (Feb.  25,  1962:  11:11  a.m.) 

Tg  =  21.0°C,  corrected  to  2l.l°C 

p  =  29.32  inches  Hg.,  corrected  to  26.93  inches  =  979.7  millibars 
Manometer  levels  inside  and  outside  of  calibrating  chamber  equal. 

T0  =  20 . 96°C 

Mean  of  T§  and  TQ  =  21.03°C 

R.H.  at  this  mean  temperature  =  97.2  -  r1—  x  0.3  =  97.14  percent. 

5.00 

But  eSTo  =  24.82  millibars 

Then  e0  =  iliil  x  24.82  =  24.11  millibars. 

0  100 

Also,  since  e0  =  x  T0i  then  x  =  =  1.150 

20.96 

Then,  for  readings  at  point  "a1  : 

(T)a  =  21.09°C,  (TD)a  =  20 . 40°C 
ea  =  x  (T)a  =  1.150  x  21.09  =  24.26  millibars 
and  cS(Td)a  =  23.98  millibars. 

Eqn.  (b)  becomes: 

24.26  =  23.98  -  A  (979 . 7) (0 .69) 
or  A  =  -0.415  x  10“3 


(b) 


! 
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\ppendix  IV 


Table  of  Vapour  Pressures  of  Liauid  Water 
(in  millibars),  for  Temperatures  from  0°C 
to  50°C,  corrected  for  Atmospheric  Pressure. 
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Vapour  Pressures  of  Liquid  Water  From  0°C  to  50°C 
(Pressures  given  in  millibars) 


t,  °c 

.00 

.01 

.02 

.03 

0.0 

6.110 

6.115 

6.119 

6.124 

0.1 

6.155 

6.160 

6.164 

6.166 

0.2 

6.201 

6.206 

6.210 

6.215 

0.3 

6.246 

6.251 

6.255 

6.260 

0.4 

6.291 

6.296 

6.300 

6.305 

0.5 

6.33b 

6.343 

6.347 

6.352 

0.6 

6.365 

6.390 

6.394 

6.399 

0.7 

6.431 

6.436 

6.440 

6.445 

0.8 

6.476 

6.463 

6.467 

6.492 

0.9 

6.525 

6.530 

6.535 

6.539 

1.0 

6.573 

6.578 

6.583 

6.587 

1.1 

6.621 

6.626 

6.631 

6.635 

1.2 

6.669 

6.674 

6.679 

6.683 

1.3 

6.717 

6.722 

6.727 

6.731 

1.4 

6.765 

6.770 

6.775 

6.760 

1.5 

6.814 

6.819 

6.824 

6.829 

1.6 

6.663 

6.668 

6.673 

6.678 

1.7 

6.913 

6.918 

6.923 

6.926 

1.8 

6.963 

6.968 

6.973 

6.976 

1.9 

7.013 

7.018 

7.023 

7.028 

2.0 

7.063 

7.068 

7.073 

7.076 

2.1 

7.114 

7.119 

7.124 

7.129 

2.2 

7.165 

7.170 

7.175 

7.180 

2.3 

7.215 

7.220 

7.225 

7.231 

2.4 

7.267 

7.272 

7.277 

7.283 

2.5 

7.319 

7.324 

7.329 

7.335 

2.6 

7.371 

7.376 

7.382 

7.387 

2.7 

7.425 

7.430 

7.436 

7.441 

2.6 

7.476 

7.483 

7.469 

7.494 

2.9 

7.531 

7.536 

7.542 

7.547 

3.0 

7.585 

7.590 

7.596 

7.601 

3.1 

7.638 

7.644 

7.649 

7.655 

3.2 

7.693 

7.698 

7.704 

7.709 

3.3 

7.747 

7.753 

7.756 

7.764 

3.4 

7.802 

7.608 

7.813 

7.819 

3.5 

7.857 

7.863 

7.868 

7.674 

.04 

.05 

.06 

.07 

.08 

6.126 

6.133 

6.137 

6.142 

6.146 

6.173 

6.176 

6.183 

6.187 

6.192 

6.219 

6.224 

6.228 

6.233 

6.237 

6.264 

6.269 

6.273 

6.278 

6.282 

6.310 

6.315 

6.319 

6.323 

6.329 

6.357 

6.362 

6.366 

6.371 

6.376 

6.403 

6.408 

6.413 

6.417 

6.422 

6.450 

6.455 

6.459 

6.463 

6.469 

6.497 

6.502 

6.506 

6.511 

6.516 

6.544 

6.549 

6.554 

6.559 

6.563 

6.592 

6.597 

6.602 

6.607 

6.611 

6.640 

6.645 

6.650 

6.655 

6.659 

6.688 

6.693 

6.698 

6.703 

6.707 

6.736 

6.741 

6.745 

6.751 

6.755 

6.785 

6.790 

6.794 

6.799 

6.804 

6.834 

6.839 

6.843 

6.848 

6.853 

6.883 

6.888 

6.893 

6.898 

6.903 

6.933 

6.938 

6.943 

6.948 

6.953 

6.983 

6.986 

6.993 

6.998 

7.003 

7.033 

7.038 

7.043 

7.048 

7.053 

7.083 

7.089 

7.094 

7.099 

7.104 

7.134 

7.140 

7.145 

7.150 

7.155 

7.185 

7.190 

7.195 

7.200 

7.205 

7.236 

7.241 

7.246 

7.251 

7.257 

7.288 

7.293 

7.298 

7.303 

7.309 

7.340 

7.345 

7.350 

7.355 

7.361 

7.393 

7.398 

7.403 

7.409 

7.4, 

7.446 

7.452 

7.457 

7.462 

7.  ^ 

7.499 

7.505 

7.510 

7.515 

7,5  t 

7.553 

7.558 

7.563 

7.569 

7.574 

7.606 

7.61. 

7.617 

7.622 

7.627 

7.660 

7.666 

7.671 

7.677 

7.682 

7.715 

7.720 

7.725 

7.731 

7.736 

7.769 

7.775 

7.780 

7.786 

7.791 

7.824 

7.830 

7.835 

7.841 

7  846 

7.880 

7.886 

7.891 

7.897 

/.903 

.09 

6.151 

6.196 

6.242 

6.287 

6.333 

6.380 

6.426 

6.473 
6.520 
6.568 
6.616 

6.664 

6.712 

6.760 

6.609 

6.656 

6.906 

6.958 

7.006 

7.056 

7.106 

7.160 

7.210 

7.262 

7.314 

7.366 

.420 

7.473 
7.526 
7.580 
7.633 

7.688 

7.742 

7.797 

7.852 

7.908 


t,  °c 

.00 

3.6 

7.914 

3.7 

7.970 

3.8 

8.026 

3.5 

8.083 

4.0 

8.141 

4.1 

8.198 

4.2 

8.255 

4.3 

8.313 

4.4 

8.371 

4.5 

8.430 

4.6 

8.490 

4.7 

8.550 

4.8 

8.610 

4.9 

8.670 

5.0 

8.730 

5.1 

8.791 

5.2 

8.852 

5.3 

8.914 

5.4 

8.976 

5.5 

9.039 

5.6 

9.102 

5.7 

9.164 

5.8 

9.228 

5.9 

9.292 

6.0 

9.356 

6.1 

9.422 

6.2 

9.487 

6.3 

9.552 

6.4 

9.618 

6.5 

9.664 

.01 

e  02 

7.920 

7.925 

7.976 

7.981 

8.032 

8.037 

8.089 

8.095 

8.147 

8.152 

8.204 

8.209 

8.261 

8.267 

8.319 

8.325 

8.377 

8.383 

8.436 

8.442 

8.496 

8.502 

8.556 

8.562 

8.616 

8.622 

8.676 

8.682 

8.736 

8.742 

8.797 

8.803 

8.858 

8.864 

8.920 

8.926 

8.982 

8.989 

5.045 

9.052 

9.108 

9.114 

9.170 

9.177 

9.234 

9.241 

9.296 

9.305 

9.363 

9.369 

9.429 

9.435 

9.494 

9.500 

9.559 

9.565 

9.625 

9.631 

9.691 

9.698 
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.03 

.04 

7.931 

7.936 

7.987 

7.992 

8.043 

8.049 

8.100 

8.106 

8.158 

8.164 

8.215 

8.221 

8.272 

8.278 

8.330 

8.336 

8.389 

8.395 

8.448 

8.454 

8.508 

8.514 

8.566 

8.574 

8.628 

8.634 

8.688 

8.694 

8.748 

8.755 

8.809 

8.815 

8.871 

8.877 

8.933 

8.939 

8.995 

9.001 

9.058 

9.064 

9.121 

9.127 

9.183 

9.190 

9.247 

9.254 

9.311 

9.318 

9.376 

9.382 

9.442 

9.448 

9.507 

9.513 

9.572 

9.578 

9.638 

9.644 

9.704 

9.711 

.05 

.06 

7.942 

7.948 

7.998 

8.004 

8.055 

8.060 

8.112 

8.118 

8.170 

8.175 

8.227 

8.232 

8.284 

8.290 

8.342 

8.348 

8.401 

8.406 

6.460 

8.466 

8.520 

8.526 

8.580 

8.586 

8.640 

8.646 

8.700 

8.706 

8.761 

8.767 

8.822 

8.828 

8.883 

8.889 

8.945 

8.951 

9.008 

9.014 

9.071 

9.077 

9.133 

9.139 

9.196 

9.202 

9.260 

9.266 

9.324 

9.330 

9.389 

9.396 

9.455 

9.461 

9.520 

9.526 

9.585 

9.592 

9.651 

9.658 

9.718 

9.725 

.07 

.08 

7.953 

7.959 

8.009 

8.015 

8.066 

8.072 

8.124 

8.129 

6.181 

8.187 

8.238 

8.244 

8.296 

8.301 

8.354 

8.359 

8.412 

8.418 

8.472 

8.478 

8.532 

8.538 

8.592 

8.598 

8.652 

8.658 

8.712 

8.718 

8.773 

8.779 

8.834 

8.840 

8.895 

8.902 

8.957 

8.964 

9.120 

9.026 

9.083 

9.089 

9.145 

9.152 

9.209 

9.215 

9.273 

9.279 

9.337 

9.343 

9.402 

9.409 

9.468 

9.474 

9.533 

9  539 

9.598 

9.oC5 

9.664 

9.671 

9.732 

9.738 

9.800 

9.806 

9,868 

9.974 

9.936 

9.942 

10.004 

10.010 

10.073 

10.080 

6.6 

9.752 

9.759 

9.766 

9.772 

9.779 

9.786 

9.793 

6.7 

9.820 

9.827 

9.834 

9.840 

9.847 

9.854 

9.861 

6.8 

9.888 

9.895 

9.902 

9.908 

9.915 

9.922 

9.929 

6.9 

9.956 

9.963 

9.970 

9,976 

9.983 

9.990 

9. 997 

7.0 

10.024 

10.031 

10.038 

10.045 

10.052 

10.059 

10.063 

7.1 

7.2 

7.3 

7.4 

7.5 


10.094  10.101  10.108  10.115  10.122  10.129  10.135  10.142  10.149 
10.163  10.170  10.177  10.184  10.191  10.198  10.204  10.211  10.218 
10.232  10.239  10.246  10.253  10.260  10.267  10.274  10.281  10.288 
10.302  10.309  10.316  10.324  10.331  10.338  10.345  10.352  10.360 
10.374  10.391  10.388  10.395  10.402  10.409  10.416  10.423  10.430 


.09 

7.964 

8.020 

8.077 

8.135 

8.192 

8.249 

8.307 

8.365 

8.424 

8.484 

8.544 

8.604 

8.664 

8.724 

8.785 

8.846 

8.908 

8.970 

9.033 

9.096 

9.158 

9.222 

9.286 

9.350 

9.415 

9.481 

9.546 

9.611 

9.677 

9.745 

9.813 

9.881 

9.949 

10.017 

10.087 

10.156 

10.225 

10.295 

10.367 

10.437 
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t,  °C  .00  .01  .02  .03  .04  .05  .06  .07  .06  .09 

7.6  10.444  10.451  10.458  10.466  10.473  10.460  10.487  10.494  10.502  10.509 

7.7  10.516  10.523  10.530  10.536  10.545  10.552  10.559  10.566  10.574  10.581 

7.8  10.568  10.595  10.602  10.610  10.617  10.624  10.631  10.638  10.646  10.653 

7.9  10.660  10.667  10,675  10.682  10.690  10.697  10.704  10.712  10.719  10.727 

8.0  10.734  10.741  10.749  10.756  10.763  10.771  10.778  10.785  10.792  10.600 


8.1  10.807  10.814  10.822  10.829  10.836  10.844  10.851  10.858  10.865  10.673 

8.2  10.880  10.888  10.895  10.903  10.910  10.918  10.9 '5  10.933  10.940  10.946 

8.3  10.955  10.963  10.970  10.978  10.985  10.993  11.000  11.008  11.005  11.023 

8.4  11.030  11.037  11.045  11.052  11.060  11.067  11.074  11.082  11.089  11.097 

8.5  11.104  11.112  11.119  11.127  11.134  11.142  11.150  11.157  11.165  11.172 

8.6  11.180  11.188  11.195  11.203  11.210  11.218  11.225  11.233  11.240  11.246 

8.7  11.255  11.263  11.270  11.278  11.286  11.294  11.301  11.309  11.317  11.324 

6.8  11.332  11.340  11.347  11.355  11.362  11.370  11.378  11.385  11.393  11.400 

8.9  11.408  11.416  11.424  11.431  11.439  11.447  11.455  11.463  11.470  11.476 

9.0  11.486  11.494  11.502  11.509  11.517  11.525  11.533  11.541  11.548  11. f <6 

9.1  11.564  11.572  11.580  11.588  11.596  11.604  11.612  11.620  11.628  11.636 

9.2  11.644  11.652  11.660  11.668  11.676  11.684  11.691  11.699  11.707  11.715 

9.3  11.723  11.731  11.739  11.746  11.754  11.762  11.770  11.778  11.785  11.793 

9.4  11.801  11.809  11.817  11.825  11.833  11.841  11.849  11.857  11.865  11. *73 

9.5  11.881  11.889  11.697  11.905  11.913  11.921  11.929  11.937  11.945  11.953 

9.6  11.961  11.969  11.977  11.965  11.993  12.001  12.009  12.017  12.025  12.033 

9.7  12.041  12.049  12.057  12.066  12.074  12.082  12.090  12.098  12.107  12.115 

9.8  12.123  12.131  12.139  12.147  12.155  12.164  12.172  12.180  12.188  12.196 

9.9  12.204  12.212  12.221  12.229  12.237  12.246  12. *54  12.262  12.270  12.279 

10.0  12.287  12.295  12.303  12.312  12.320  12.328  12.336  12.344  12.353  12.361 


10.1  12.369  12.377  12.386  12.394  12.402  12.411  12.419  12.427  12.435  12.444 

10.2  12.452  12,460  12.469  12.477  12.485  12.494  12.502  12.510  12.518  12.527 

10.3  12.535  12.543  12.552  12.560  12.569  12.577  12.585  12.594  12.602  12.611 

10.4  12.619  12.62?  12.636  12.644  12.652  12.661  12.669  12.677  12.665  12.694 

10.5  12.702  12.711  12.719  12.723  12.736  12.745  12.754  12.762  12.771  12.779 


10.6  12.788  12.797  12.805  12.814  12.822  12.831  12.839  12.848  12.856  12.^65 

10.7  12.873  12.882  12.890  12.899  12.906  12.917  12.925  12.934  12.943  12.951 

10.8  12.960  12.969  12.977  12.986  12.995  13.004  13.012  13.021  13.030  13.016 

10.9  13.047  13.056  13.064  13.073  13.061  13.090  13.099  13.107  13.116  13.124 

11.0  13.133  13.142  13.150  13.159  13.168  13.177  13.165  13.194  13.203  13.211 


11.1  13.220  13.229  13.238  13.247  13.256  13.265  13.273  13.282  13,291  13.300 

11.2  13.309  13.318  13.327  13.335  13.344  13.353  13.362  13.371  13.379  13.3'S 

11.3  13.397  13.406  13.415  13.424  13.433  13.442  13,451  13.460  13.469  13.478 

11.4  13.487  13.496  13.505  13.514  13.523  13.532  13.54*  13.550  1\559  13.566 


11.5  13.57?  13.586  13.595  13.604  13.613  13.b23  13.632  13.641  13.650  13.659 
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t  f 

°C 

.00 

.01 

.02 

.03 

.04 

.05 

.06 

.07 

.08 

.09 

11 

.6 

13.668 

13.677 

13.686 

13.695 

13.704 

13.714 

13.723 

13.732 

13.741 

13.750 

11 

.7 

13.759 

13.768 

13.777 

13.786 

13.795 

13.804 

13.813 

13.822 

13.831 

13.840 

11 

.8 

13.849 

13.858 

13.867 

13.877 

13.886 

13.895 

13.904 

13.913 

13.923 

13.932 

11 

.9 

13.941 

13.950 

13.959 

13.969 

13.978 

13.987 

13.996 

14.005 

14.CJ.5 

14.024 

12 

.0 

14.033 

14.042 

14.052 

14.061 

14.071 

14.060 

14.089 

14.099 

14.108 

14.118 

12 

.1 

14.127 

14.136 

14.146 

14.155 

14.164 

14.174 

14.183 

14.192 

14.201 

14.211 

12 

.2 

14.220 

14.229 

14.239 

14.248 

14.257 

14.267 

14.276 

14.285 

14.294 

14.304 

12 

.3 

14.313 

14.322 

14.332 

14.341 

14.351 

14.360 

14.369 

14.379 

14.388 

14.398 

12 

.4 

14.407 

14.417 

14.426 

14.436 

14.445 

14.455 

14.464 

14.474 

14.483 

14.493 

12 

.5 

14.502 

14.512 

14.521 

14.531 

14.540 

14.550 

14.559 

14.569 

14.578 

14.588 

12 

.6 

14.597 

14.607 

14.616 

14.626 

14.635 

14.645 

14.655 

14.664 

14.674 

14.683 

12 

.7 

14.693 

14.703 

14.712 

14.722 

14.731 

14.741 

14.751 

14.760 

14.770 

14.779 

12 

.8 

14.789 

14.799 

14.809 

14.818 

14.626 

14.838 

14.848 

14.858 

14.867 

14.877 

12 

.9 

14.887 

14.897 

14.906 

14.916 

14.925 

14.935 

14.945 

14.954 

14.964 

14.973 

13 

.0 

14.983 

14.993 

15.003 

15.013 

15.023 

15.033 

15.042 

15.052 

15.062 

15.072 

13 

.1 

15.082 

15.092 

15.102 

15.112 

15.122 

15.132 

15. 141 

15.151 

15.161 

15.171 

13 

.2 

15,181 

15.191 

15.201 

15.211 

15.221 

15.231 

15.240 

15,250 

15.260 

15.270 

13 

*3 

15.280 

15.290 

15.300 

15.310 

15.320 

15.330 

15.340 

15.350 

15.360 

15.370 

13 

.4 

15.380 

15.390 

15.400 

15.411 

15.421 

15.431 

15.441 

15.451 

15.462 

15.472 

13 

.5 

15.482 

15.492 

15.502 

15.513 

15.523 

15.533 

15.543 

15.553 

15.564 

15.574 

13 

.6 

15.584 

15. 59* 

15.604 

15.614 

15.624 

15.635 

15.645 

15.655 

15.665 

15.675 

13 

.7 

15.685 

15.695 

15.706 

15.716 

15.726 

15.737 

15.747 

15.757 

15.767 

15.778 

13 

.8 

15.788 

15.798 

15.808 

15.819 

15.829 

15.839 

15.849 

15.859 

15.870 

15.880 

13 

•  9 

15.890 

15.900 

15.911 

15.921 

15.931 

15.942 

15.952 

15.962 

15.972 

15.983 

14 

.0 

15.993 

16.003 

16.014 

16.024 

16.035 

16.045 

16.055 

16.066 

6.076 

16.087 

14 

.1 

16.097 

16.108 

16.118 

16.129 

16.139 

16.150 

16.160 

16.171 

36.181 

16.192 

14 

.2 

16.202 

16.213 

16.223 

16.234 

16.245 

16.256 

16.266 

16.277 

16.288 

16.298 

14 

.3 

16.309 

16.319 

16.330 

16.340 

16.351 

16.361 

16.371 

16.382 

16.392 

16.403 

14 

.4 

16.413 

16.424 

16.434 

16.445 

16.456 

16.467 

16.477 

16.488 

16.499 

16.509 

14 

.5 

16.520 

16.531 

16.541 

16.552 

16.562 

16.573 

16.584 

16.594 

16.605 

16.615 

14 

.6 

16.626 

16.637 

16.648 

16.658 

16.669 

16.660 

16.691 

16.702 

16.712 

16.723 

14 

.7 

16.734 

16.745 

16.756 

16.766 

16.777 

16.788 

16.799 

16.810 

16.820 

16.831 

14 

*8 

16.842 

16.853 

16.664 

16.875 

16.886 

16.897 

16.908 

16.919 

16.930 

16.941 

14 

.9 

16.952 

16.963 

16.974 

16.985 

16.996 

17.007 

17.017 

17.028 

17.039 

17.050 

15 

.0 

17.061 

17.072 

17.083 

17.094 

17.105 

17.116 

17.126 

17.137 

17.148 

17.159 

15 

.1 

17.170 

17.181 

17.192 

17.204 

17.215 

17.226 

17.237 

17.248 

17.260 

17.271 

15 

.2 

17.282 

17.293 

17.304 

17.316 

17.327 

17.338 

17.349 

17.360 

17.372 

17.383 

15 

.3 

17.394 

17.405 

17.416 

17.428 

17.439 

17,450 

17.461 

17.472 

17.484 

17.495 

15 

.4 

17.506 

17.517 

17.528 

17.540 

17.551 

17.562 

17.573 

17.584 

17.596 

17.607 

15 

.5 

17.618 

17.629 

17.641 

17.652 

17.664 

17.675 

17.686 

17.698 

17.709 

17.721 

V 


-  115  - 


t..  °C  .00  .01  .02  .03  .04  .05  .06  .07  .08  .09 

15.6  17.732  17.743  17.755  17.766  17.777  17.789  17.800  17.811  17.822  17.834 

15.7  17.845  17.857  17.668  17.880  17.891  17.903  17.914  17.926  17.937  17.949 

15.6  17.960  17.971  17.983  17.994  18.006  18.017  18.028  18.040  18.051  16.063 

15.9  18.074  16.086  18.097  18.109  18.120  18.132  18.144  18.155  I8':i67  18.179 

16.0  18.190  16.202  18.213  18.225  18.236  18.248  18.260  18.271  18.283  18.294 

16.1  18.306  18.318  18.329  18.341  18.353  18.365  18.376  18.388  93.400  18.411 

16.2  18.423  16.435  18.447  18.459  18.471  18.483  18.494  18.506  16.518  18.530 

16.3  16.542  18.554  18.566  18.578  18.590  18.602  18.613  18.625  18.637  18.649 

16.4  18.661  181673  18.685  18.696  18.708  18.720  18.732  18.744  18.755  18.767 

16.5  18.779  18.791  18.803  18.815  18.827  18.839  18.851  18.863  18.875  18.887 

16.6  18.899  18.911  18.923  18.935  18.947  18.959  18.971  18.983  18.995  19.007 

16.7  19.019  19.031  19.043  19.056  19.068  19.080  19.092  19.104  19.117  19.129 

16.6  19.141  19.153  19.165  19.177  19.189  19.202  19.214  19.226  19.238  19.250 

16.9  19.262  19.274  19.287  19.299  19.311  19.324  19.336  19.348  19.360  19.373 

17.0  19.385  19.397  19.410  19.422  19.435  19.447  19.459  19.472  19.484  19.497 

17.1  19.509  19.521  19.534  19.546  19.559  19.571  19.583  19.596  19.608  19.621 

17.2  19.633  19.646  19.658  19.671  19.683  19.696  19.708  19.721  19.733  19.746 

17.3  19.758  19.771  19.783  19.796  19.808  19.821  19.833  19.846  19.858  19.871 

17.4  19.883  19.896  19.908  19.921  19.933  19.946  19.959  19.971  19.884  19.996 

17.5  20.009  20.022  20.034  20.047  20.059  20.072  20.085  20.097  20.110  20.122 

17.6  20.135  20.148  20.161  20.173  20.186  20.199  20.212  20.225  20.237  20.250 

17.7  20.263  20.276  20.289  20.301  20.314  20.327  20.340  20.353  20.365  20.378 

17.8  20.391  20.404  20.417  20.429  20.442  20.455  20.468  20.481  20.493  20.506 

17.9  20.519  20.532  20,545  20.558  20.571  20.584  20.597  20.610  20.623  20.636 

18.0  20.649  20.662  £0.675  20.688  20.701  20.714  20.727  20.740  20.753  20.766 

18.1  20.779  20.792  20.805  20.818  20.831  20,845  20.858  20.871  20.884  20.897 

18.2  20.910  20.923  20.936  20.949  20.963  20.976  20.989  21.002  21.016  21.029 

18.3  21.042  21.055  21.068  21.082  21.095  21.108  21.121  21.134  21.148  21.161 

16.4  21.174  21.187  21.201  21.214  21.227  a. 241  21.254  21.267  21.280  21.294 

18.5  21.307  21.321  21.334  21.348  21.36]  a. 375  21.388  a. 402  21.415  21.429 


18.6  21.442  21.455  21.469  21.482  21.495  21.509  a. 522  21.535  a. 548  a. 562 

18.7  21.575  21.589  21.602  21.616  21.629  a. 643  21.656  21.670  21.683  21.69? 

18.8  21.710  21.724  21.737  21.751  21.764  21.778  a. 792  a. 805  21.819  21.832 

18.9  21.846  21.860  21.873  21.887  21.901  21.915  21.928  21.942  a. 956  a. 969 

19.0  21.983  a.997  22.011  22.025  22.039  22.053  22.066  22.080  22.091  22.108 


19.1  22.122  22.136  22.150  22.163  22.177  22.191  22.205  22.219  22.232  22.246 

19.2  22.260  22.274  22.288  22.302  22.316  22.330  22.343  22.357  22.371  22.385 

19.3  .2.399  22.413  22.427  22.441  22.455  22.469  22.483  22.497  22.511  22.525 

19.4  22.539  22.553  22.567  22.581  22.595  22.609  22.623  22.637  22.651  22.665 

19.5  22.679  22.693  22.707  22.721  22.735  22.750  22.764  22.778  22.792  22.806 


i 
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I 


t,  °c 

.00 

.01 

.02 

.03 

.04 

.05 

.06 

.07 

.08 

.09 

19.6 

22.820 

22.834 

22.849 

22.863 

22.877 

22.892 

22.906 

22.920 

22.934 

22.949 

19.7 

22.963 

22.977 

22.992 

23.006 

23.020 

23.035 

23.049 

23.063 

23.077 

23.092 

19.8 

23.106 

23.120 

23.135 

23.149 

23.164 

23.178 

23.192 

23,207 

23.221 

23.236 

19.9 

23.250 

23.264 

23.279 

23.293 

23.308 

23.322 

23.336 

23.351 

23.365 

23.380 

20.0 

23.394 

23.409 

23.423 

23.438 

23.452 

23.467 

23.482 

23.496 

23.511 

23.525 

20.1 

23.540 

23.555 

23.569 

23.584 

23.598 

23.613 

23.626 

23.642 

23.657 

23.671 

20.2 

23.686 

23.701 

23.715 

23.730 

23.744 

23.7.59 

23.774 

23.788 

23.603 

23.817 

20.3 

23.832 

23.847 

23.862 

23.876 

23.891 

23.906 

23.921 

23.936 

23.950 

23  .965 

20.4 

23.980 

23.995 

24.010 

24.024 

24.039 

24.054 

24.069 

24.084 

24.098 

24.113 

20.5 

24.128 

24.143 

24.158 

24.173 

24.188 

24.203 

24.218 

24.233 

24.248 

24.263 

20.6 

24.278 

24.293 

24.308 

24.323 

24.338 

24.353 

24.367 

24.382 

24.397 

24.412 

20.7 

24.427 

24.442 

24.457 

24.472 

24.487 

24.503 

24.518 

24.533 

24.548 

24.563 

20.8 

24.578 

24.593 

24.608 

24.624 

24.639 

24.654 

24.669 

24.684 

24.700 

24.715 

20.9 

24.730 

24.745 

24.760 

24.776 

24.791 

24.806 

24.821 

24.836 

24.852 

24.867 

21.0 

24.882 

24.897 

24.912 

24.928 

24.943 

24.958 

24.973 

24.988 

25.004 

25.019 

21.1 

25.034 

25.049 

25.065 

25.080 

25.096 

25.111 

25.126 

25.142 

25.157 

25.173 

21.2 

25.188 

25.204 

25.219 

25.235 

25.250 

25.266 

25.281 

25.297 

25.312 

25.328 

21.3 

25.343 

25.359 

25.374 

25.390 

25.406 

25.422 

25.437 

25.453 

25.469 

25.484 

21.4 

25.500 

25.516 

25.531 

25.547 

25.563 

25.579 

25.594 

25.610 

25.626 

25.641 

21.5 

25.657 

25.673 

25.689 

25.704 

25.720 

25.736 

25.752 

25.768 

25.783 

25.799 

21.6 

25.815 

25.831 

25.847 

25.862 

25.878 

25.894 

25.910 

25.926 

25.941 

25.957 

21.7 

25.973 

25.989 

26.005 

26.021 

26.037 

26.053 

26.068 

26.084 

26.100 

26.116 

21.8 

26.132 

26.148 

26.164 

26.160 

26.196 

26.212 

26.228 

26.244 

26.260 

26.276 

21.9 

26.292 

26.308 

26.324 

26.340 

26.356 

26.372 

26.388 

26.404 

26.420 

26.436 

22.0 

26.452 

26.468 

26.484 

26.500 

26.516 

26.533 

26.549 

26.565 

26.581 

26.597 

22.1 

26.613 

26.629 

26.646 

26.662 

26.678 

26.695 

26.711 

26.727 

26.743 

26.760 

22.2 

26.776 

26.792 

26.809 

26.825 

26.842 

26.858 

26.874 

26.891 

26.908 

26.924 

22.3 

26.940 

26.956 

26.973 

26.989 

27.006 

27.022 

27.038 

27.055 

27.071 

27.066 

22.4 

27.104 

27.121 

27.137 

27.154 

27.170 

27.187 

27.203 

27.220 

27.236 

27.253 

22.5 

27.269 

27.286 

27.302 

27.319 

27.336 

27.353 

27.369 

27.386 

27.403 

27.419 

22.6 

27.436 

27.453 

27.470 

27.486 

27.503 

27.520 

27.537 

27,554 

27.570 

27.587 

22.7 

27.604 

27.621 

27.637 

27.654 

27.671 

27.688 

27.704 

27.721 

27.738 

27.754 

22.8 

27.771 

27.788 

27.805 

27.821 

27.838 

27.855 

27.872 

27.889 

27.905 

27.922 

22.9 

27.939 

27.956 

27.973 

27.990 

28.007 

28.024 

28.040 

28.057 

28.074 

28.091 

23.0 

28.108 

28.125 

28.142 

28.159 

28.176 

28.194 

28.211 

28.228 

28.245 

28.262 

23.1 

28.279 

28.296 

28.313 

28.330 

28.347 

28.364 

28.381 

28.398 

28.415 

28.432 

23.2 

28.449 

28.466 

28.483 

28.501 

28.518 

28.535 

28.552 

28.569 

28.567 

26.604 

23.3 

28.621 

28.638 

28.656 

28.673 

26.690 

28.708 

28.725 

28.742 

28.759 

28.777 

23.4 

28.794 

28.812 

28.829 

26.847 

28.864 

28.882 

28.699 

28.917 

28.934 

28.952 

23.5 

28.969 

28.987 

29.004 

29.022 

29.039 

29.057 

29.074 

29.092 

29.109 

29.127 

*P 


t,  °c 

.00 

.01 

.02 

23.6 

29.144 

29.162 

29.179 

23.7 

29.320 

29.338 

29.355 

23.8 

29.497 

29.515 

29.533 

23.9 

29.0/6 

29.694 

29.712 

24.0 

29.854 

29.872 

29.890 

24.1 

30.034 

30.052 

30.070 

24.2 

30.216 

30.234 

30.252 

24.3 

30.398 

30.416 

30.435 

24.4 

30.581 

30.599 

30.618 

24.5 

30.765 

30.783 

30.802 

24.6 

30.949 

30.968 

30.986 

24.7 

31.134 

31.153 

31.171 

24.8 

31.320 

31.339 

31.357 

24.9 

31.506 

31.525 

31.544 

25.0 

31.694 

31.713 

31.732 

25.1 

31.882 

31.901 

31.920 

25.2 

32.071 

32.090 

32.109 

25.3 

32.262 

32.281 

32.300 

25.4 

32.454 

32.473 

32.493 

25.5 

32.647 

32.667 

32.686 

25.6 

32.842 

32.862 

32.881 

25.7 

33.038 

33.058 

33.077 

25.8 

33.235 

33.255 

33.275 

25.9 

33.433 

33.453 

33.473 

26.0 

33.631 

33.651 

33.671 

26.1 

33.833 

33.853 

33.873 

26.2 

34.033 

34.053 

34.073 

26.3 

34.234 

34.254 

34.275 

26.4 

34.437 

34.457 

34.477 

26.5 

34.639 

34.659 

34.680 

26.6 

34.843 

34.864 

34.864 

26.7 

35.048 

35.069 

35.089 

26.8 

35.255 

35.276 

35.297 

26.9 

35.463 

35.484 

35.505 

27.0 

35.672 

35.693 

35.714 

27.1 

35.884 

35.905 

35.926 

27.2 

36.095 

36.116 

36.137 

27.3 

36.307 

36.328 

36.350 

27.4 

36.520 

36.542 

36.563 

27.5 

36.735 

36.757 

36.778 
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.03  .04  .05 


29.197 

29.214 

29.232 

29 

29.373 

29.391 

29.408 

29 

29.551 

29.569 

29.587 

29 

29.729 

29.747 

29.765 

29 

29.908 

29.926 

29.944 

29 

30.089 

30.107 

30.125 

30 

30.271 

30.289 

30.307 

30 

30.453 

30.471 

30,490 

30 

30.636 

30.655 

30.673 

30 

30.820 

30.839 

30.857 

30 

31.005 

31.023 

31.042 

3i 

31.190 

31.208 

31.227 

31 

31.376 

31.394 

31.413 

31 

31.562 

31.581 

51.600 

31 

31.750 

31.769 

31.788 

31 

31.939 

31.958 

31.977 

31 

32.128 

32.147 

32.167 

32 

32.320 

32.339 

32.358 

32 

32.512 

32.531 

32.551 

32 

32.706 

32.725 

32.745 

32 

32.901 

32.920 

32.940 

32 

33.097 

33.117 

33.137 

33 

33.294 

33.314 

33.334 

33 

33.492 

33.512 

33.532 

33 

33.6C2 

33.712 

33.732 

33 

3'. 893 

33.913 

33.933 

33 

34.093 

34.113 

34.134 

34 

34.295 

34.315 

34.336 

34 

34.499 

34.518 

34.536 

34 

34.700 

34.721 

34.741 

34 

34.905 

34.925 

34.946 

34 

35.110 

35.131 

35.152 

35 

35,317 

35.338 

35.359 

35 

35.526 

35.547 

35.568 

35 

35.736 

35.757 

35.779 

35 

35.947 

35.968 

35.990 

36 

36.159 

36.180 

36.201 

36 

36.371 

36.392 

36.414 

36 

36.585 

36.606 

36.628 

36 

36.800 

36.821 

36.843 

36 

06 

.07 

.08 

.09 

250 

29.267 

29.285 

29.302 

426 

29.444 

29.462 

29.479 

604 

29.622 

29.640 

29.658 

763 

29.800 

29.815. 

29.636 

962 

29.960 

29.99% 

lO. 016 

143 

30.161 

30.160 

30.198 

325 

30.343 

30.362 

30.360 

508 

30.526 

30.544 

30.563 

691 

30.710 

30.728 

30.747 

875 

30.894 

30.912 

30.931 

060 

31.079 

31.097 

31.116 

246 

31.264 

31.283 

31.301 

432 

31.450 

31.469 

31.487 

619 

31.638 

31.656 

31.675 

807 

31.826 

31.844 

31.863 

995 

32.014 

32.033 

32.052 

166 

32.205 

32.224 

32.243 

377 

32.396 

32.416 

32.435 

570 

32.589 

32.608 

32.628 

764 

32.784 

32.803 

32.823 

960 

32.979 

32.999 

33.018 

156 

33.176 

33.196 

33.215 

354 

33.374 

33.393 

33.413 

552 

33.572 

33.591 

33.611 

752 

33.772 

33.793 

33.813 

953 

33.973 

33.993 

34.013 

154 

34.174 

34.194 

34.214 

356 

34.376 

34.396 

34.417 

558 

34.578 

34.599 

34.619 

761 

34.782 

34.802 

34.823 

966 

34.987 

35.007 

35.028 

172 

35.193 

35.214 

35.234 

380 

35.401 

35.421 

35.442 

588 

35.609 

35.630 

35.651 

799 

35.820 

35.842 

35.863 

Oil 

36.032 

36.053 

36.074 

222 

36.243 

36.265 

36.286 

435 

36.456 

36.477 

36.499 

649 

36.671 

36.692 

36.714 

864 

36.886 

36.907 

36.929 
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.00 

.01 

.02 

.03 

.04 

.05 

.06 

.07 

.08 

.09 

27.6 

36.950 

36.972 

36.993 

37.015 

37.036 

37.058 

37.080 

37.101 

37.123 

37.144 

27.7 

37.166 

37.188 

37,209 

37.231 

37.253 

37.275 

37.296 

37.318 

37.340 

37.361 

27.8 

37.383 

37.405 

37.427 

37.449 

37.471 

37.493 

37.514 

37.536 

37.558 

37.580 

27.9 

37.632 

37.624 

37.646 

37.667 

37.689 

37.711 

37.733 

37.755 

37.776 

37.798 

28.0 

37.620 

37.842 

37.864 

37.887 

37.909 

37.931 

37.953 

37.975 

37.997 

38.020 

28.1 

38.042 

38.064 

38.086 

38.108 

38.130 

38.153 

38.175 

38.197 

38.219 

38.241 

28.2 

38.263 

38.285 

38.307 

38.330 

38.352 

38.374 

38.396 

38.418 

38.441 

38.463 

28.3 

38.485 

38.507 

38.530 

38.552 

38.575 

38.597 

38.619 

38.642 

38.664 

38.687 

28.4 

38.709 

38.732 

38.754 

38.777 

38.799 

38.822 

38.845 

38.867 

38.890 

13.912 

28.5 

38.935 

38.958 

36.980 

39.003 

39.025 

39.048 

39.071 

39.093 

39.116 

39.135 

28.6 

39.161 

39.184 

39.207 

39.229 

39.252 

39.275 

39.298 

39.3a 

39.343 

39.366 

28.7 

39.369 

39.412 

39.435 

39.458 

39.481 

39.504 

39.527 

39.550 

39.573 

39.596 

28.8 

39.619 

39.642 

39.665 

39.688 

38.711 

39.734 

39.757 

39.780 

39.803 

39.826 

28.9 

39.849 

39.872 

39.895 

38.919 

39.942 

39.965 

39.988 

40.011 

40.035 

40.058 

29.0 

40.081 

40.104 

40.127 

40.151 

40.174 

40.197 

40.220 

40.243 

40.267 

40.290 

29.1 

40.313 

40.336 

40.360 

40.383 

40.407 

40.430 

40.453 

40.477 

40.500 

40.524 

29.2 

40.547 

40.570 

40.594 

40.617 

40.641 

40.664 

40.687 

40.711 

40.734 

40.758 

29.3 

40.781 

40.805 

40.828 

40.852 

40.875 

40.899 

40.923 

40.946 

40.970 

40.993 

29.4 

41.017 

41.041 

41.065 

41.088 

41.112 

41.136 

41.160 

41.184 

41.207 

41.231 

29.5 

41.255 

41.279 

41.303 

41.326 

41.350 

41.374 

41.398 

41.422 

41.445 

41.469 

29.6 

41.493 

41.517 

41.541 

41.565 

41.589 

41.613 

41.636 

41.660 

41.684 

41.708 

29.7 

41.732 

41.756 

41.780 

41.804 

41.828 

41.852 

41.876 

41.900 

41.924 

41.948 

29.8 

41.972 

41.996 

42.020 

42.045 

42.069 

42.093 

42.117 

42.141 

42.166 

42.190 

29.9 

42.214 

42.238 

42.263 

42.287 

42.311 

42.336 

42.360 

42.384 

42.408 

42.433 

3C.0 

42.457 

42.481 

42.506 

42.530 

42.555 

42.579 

42.603 

42.628 

42.652 

42.677 

30.1 

42.701 

42.726 

42.750 

42.775 

42.799 

42.824 

42.848 

42.873 

42.897 

42.922 

30.2 

42.946 

42.971 

42.995 

43.020 

43.045 

43.070 

43.094 

43.119 

43.144 

43.168 

30.3 

43.193 

43.218 

43.242 

43.267 

43.292 

43.317 

43.341 

43.366 

43.391 

43.415 

30.4 

43.440 

43.465 

43.490 

43.514 

43.539 

43.564 

43.589 

43.614 

43.636 

43,663 

30.5 

43.688 

43.712 

43.738 

43.763 

43.788 

43.813 

43.837 

43.862 

43.887 

43.912 

30.6 

43.937 

43.962 

43.987 

44.012 

44.037 

44.063 

44.088 

44.113 

44.138 

44.163 

30.7 

44.188 

44.213 

44.239 

44.264 

44.290 

44.315 

44.340 

44.366 

44.391 

44.417 

30.8 

44.442 

44.468 

44.493 

44.519 

44.544 

44.570 

44.595 

44.621 

44.646 

44.672 

30.9 

44.697 

44.723 

44.748 

44.774 

44.799 

44.825 

44.851 

44.876 

44.902 

44.927 

31.0 

44.953 

44.979 

45.004 

45.030 

45.056 

45.082 

45.107 

45.133 

45.159 

45.184 

31.1 

45. 210 

45.236 

45.262 

45.288 

45.314 

45.340 

45.365 

45.391 

45.417 

45.443 

31.2 

45.469 

45.495 

45.521 

45.546 

45.572 

45.598 

45.624 

45.650 

45.675 

45.701 

31.3 

45.727 

45.753 

45.779 

45.805 

45.831 

45.857 

45.883 

45.909 

45.935 

45.961 

31.4 

45.987 

46.013 

46.039 

46.066 

46.092 

46.118 

46.144 

46.170 

46.197 

46.223 

31.5 

46.249 

46.275 

46.302 

46.328 

46.355 

46.381 

46.407 

46.434 

46.460 

46.487 
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31.6 

46.513 

46.539 

46*566 

46.592 

46.619 

46.645 

46.671 

46.696 

46.724 

46.751 

31.7 

46.777 

46.804 

46.830 

46.857 

46.883 

46.910 

46.936 

46.963 

46.989 

47.016 

31.8 

47.042 

47.069 

47.096 

47.122 

47.149 

47.176 

47.203 

47.230 

47.256 

47.283 

31.9 

47.310 

47.337 

47.364 

47.390 

47.4i7 

47.444 

47.471 

47.498 

47.524 

47.551 

32. C 

47.576 

47.605 

47.632 

47.659 

47.686 

47.713 

47.739 

47.766 

47.793 

47.820 

32.1 

47.847 

47.874 

47.901 

47.928 

47.955 

47.983 

48.010 

48.037 

48.064 

48.091 

32.2 

48.118 

46.145 

46.172 

48.200 

48.227 

48.254 

48.281 

46.308 

48.336 

48.363 

32.3 

48.390 

48.417 

48.445 

48.472 

48.500 

48.527 

48.554 

48.582 

48.609 

48.637 

32.4 

48.664 

48.692 

48.719 

48.747 

48.774 

48.802 

48.829 

46.857 

46.884 

48.912 

32.5 

♦:b.939 

48.967 

46.994 

49.022 

49.050 

49.078 

49.105 

49.133 

49.161 

49.186 

32.6 

49.216 

49.244 

49.272 

49.299 

49.327 

49.355 

49.383 

49.411 

49.438 

49.466 

32.7 

49.494 

49.522 

49.550 

49.577 

49.605 

49.633 

49.661 

49.689 

49.716 

49.744 

32.6 

49.772 

49.800 

49.828 

49.856 

49.884 

49.912 

49.940 

49.968 

49.9% 

50.024 

32.9 

50.052 

50.080 

50.108 

50.137 

50.165 

50.193 

50.221 

50.249 

5C.278 

50.306 

33.0 

50.334 

50.362 

50,391 

50.419 

50.448 

50.476 

50.504 

50.533 

50.561 

50.590 

33.1 

50.618 

50.647 

50.675 

50.704 

50.732 

50.761 

50.789 

50.818 

50.846 

50.875 

33.2 

50.903 

50.932 

50.960 

50.989 

51.017 

51.046 

51.074 

51.103 

51.131 

51.160 

33.3 

51.188 

51.217 

51.245 

51.274 

51.303 

51.332 

51.360 

51.389 

51.418 

51.446 

33.4 

51.475 

51.504 

51  533 

51.562 

51.591 

51.620 

51.548 

51,677 

51.706 

51.735 

33.5 

51.764 

51.793 

51.822 

51.851 

51.880 

51.909 

51.937 

51.966 

51.995 

52.024 

33.6 

52.053 

52.082 

52.111 

52.141 

52.170 

52.199 

52.228 

52.257 

52.287 

52.316 

33.7 

52.345 

52.374 

52.404 

52.433 

52.463 

52.492 

52.521 

52.551 

52.580 

52.610 

33.8 

52.639 

52.668 

52.698 

52.727 

52.757 

52.786 

52.815 

52.845 

52.874 

52.904 

33.9 

52.933 

52.963 

52.992 

53.022 

53.051 

53.081 

53.110 

53.140 

53.169 

53.199 

34.0 

53.228 

53.258 

53.287 

53.317 

53.347 

53.377 

53.406 

53.436 

53.466 

53.495 

34.1 

53.525 

53.555 

53.585 

53.614 

53.644 

53.674 

53.704 

53.734 

53.763 

53.793 

34.2 

53.823 

53.853 

53.893 

53.913 

53.943 

53.973 

54.003 

54.033 

54.063 

54.093 

34.3 

54.123 

54.153 

54.183 

54. 214 

54.244 

54.274 

54.304 

54.334 

54.365 

54.395 

34.4 

54.425 

54.455 

54.486 

54.516 

54.546 

54.577 

54.607 

54.637 

54.667 

54.698 

34.5 

54.726 

54.759 

54.789 

54.820 

54.850 

54.881 

54.911 

54.942 

54.972 

55.003 

34.6 

55.033 

55.064 

55.094 

55.125 

55.155 

55.186 

55.216 

55.247 

55.277 

55.308 

34.7 

55.338 

55.369 

55.399 

55.430 

55.461 

55.492 

55.522 

55.553 

55.584 

55.614 

34.8 

55.645 

55.676 

55.706 

55.737 

55.767 

55.798 

55.826 

55.859 

55.889 

55.920 

34.9 

55.95 

55.98 

56.01 

56.04 

56.08 

56.11 

56.14 

56.17 

56.20 

56.23 

35.0 

56.265 

56.296 

56.327 

56.359 

56.390 

56. 4a 

56.452 

56.483 

56.515 

56.546 

35.1 

56.577 

56.608 

56.640 

56.671 

56.702 

56.734 

56.765 

56.796 

56.827 

56.859 

35.2 

56.890 

56.922 

56.953 

56.985 

57.016 

57.048 

57.079 

57. 1U 

57.142 

57.174 

35.3 

57.205 

57.237 

57.268 

57.300 

57.332 

57.364 

57.395 

57.427 

57.459 

57.490 

35.4 

57.522 

57.554 

57.586 

57.617 

57.649 

57.681 

57.713 

57.745 

57.776 

57.808 

35.5 

57.840 

57.872 

57.904 

57.936 

57.968 

58.000 

58.032 

58.064 

58.096 

58.126 
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.08 
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35.6 

58.160 

58.192 

58.224 

58.256 

58.288 

58.3a 

58.353 

58.385 

58.417 

58 

.449 

35.7 

58.481 

58.513 

58.545 

58.578 

58.610 

56.642 

58.674 

58.706 

58.739 

58 

.771 

35.8 

58.803 

58.835 

58.868 

58.900 

58.932 

58.965 

58.997 

59.029 

59.061 

59 

.094 

35.9 

59.126 

59.159 

59.191 

59.224 

59.256 

59.289 

59.321 

59.354 

59.386 

59 

.419 

36.0 

59.451 

59.484 

59.516 

59.549 

59.582 

59.615 

59.647 

59.680 

59.713 

59 

.745 

36.1 

59.778 

59.811 

59.844 

59.876 

59.909 

59.942 

59.975 

60.008 

60.040 

60 

.073 

36.2 

60.106 

60.139 

60.172 

60.205 

60.238 

60.271 

60.333 

60.336 

60.369 

60 

.402 

36.3 

60.435 

60.468 

60.501 

60.534 

60.567 

60.601 

60.634 

60.667 

60.700 

60 

.733 

36.4 

60.766 

60.799 

60.833 

60.866 

60.899 

60.933 

60.966 

60.999 

61.032 

61 

,066 

36.5 

61.099 

61.133 

61.166 

61.200 

61.233 

61.267 

61.300 

61.334 

61.367 

61 

.401 

36.6 

61.434 

61.468 

61.501 

61.535 

61.569 

61.603 

61.636 

61.670 

61.704 

61 

.737 

36.7 

61.771 

61.805 

61.839 

61  873 

61.907 

61.941 

61.974 

62.008 

62.042 

62 

.076 

36.8 

62.110 

62.144 

62.178 

62.212 

62,246 

62.230 

62.314 

62.348 

62.382 

62 

.416 

36.9 

62.450 

62.484 

62.518 

62.552 

62.586 

62.621 

62.655 

62.689 

62.723 

62 

.757 

37.0 

62.791 

62.825 

62.860 

62.894 

62.928 

62.963 

62.997 

63.031 

63.065 

63 

.100 

37.1 

63.134 

63.168 

63.203 

63.237 

63.272 

63.306 

63.340 

63.375 

63.409 

63 

.444 

37.2 

63.478 

63.513 

63.547 

63.582 

63.616 

63.651 

63.685 

63.720 

63.754 

63 

.789 

37.3 

63.923 

63.858 

63.893 

63.928 

63.963 

63.998 

64.032 

64.067 

64.102 

64 

.137 

37.4 

64.172 

64.207 

64.242 

64.277 

64.312 

64.347 

64.382 

64.417 

64.452 

64 

.487 

37.5 

64.522 

64.557 

64.592 

64.627 

64.662 

64.697 

64.732 

64.767 

64.802 

64 

.837 

37.6 

64.872 

64.907 

64.942 

64.978 

65.013 

65.048 

65.083 

65.118 

65.154 

65 

.189 

37.7 

65.224 

65.260 

65.295 

65.331 

65.366 

65.402 

65.437 

65.473 

65.508 

65 

.544 

37.8 

65.579 

65.615 

65.650 

65.686 

65.721 

65.757 

65.793 

65.828 

65.864 

65 

.899 

37.9 

65.935 

65.971 

66.007 

66.042 

66.078 

66.114 

66.150 

66.186 

66.221 

66 

.257 

38.0 

66.293 

66.329 

66.365 

66.401 

66.437 

66.473 

66.508 

66.544 

66.580 

66 

.616 

38.1 

66.652 

66.688 

66.724 

66.760 

66.796 

66.832 

66.868 

66.904 

66.940 

66 

.976 

38.2 

67.012 

67.048 

67.084 

67.120 

67.156 

67.193 

67.229 

67.265 

67.301 

67 

.337 

38.3 

67.373 

67.409 

67.446 

67.482 

67.518 

67.555 

67.591 

67.627 

67.663 

67 

.700 

38.4 

67.736 

67 . 77o' 

67.809 

67.846 

67.882 

67.919 

67.955 

67.992 

68.028 

68 

.065 

38.5 

68.101 

68.138 

68.175 

66.211 

68.248 

68.285 

68.322 

68.359 

68.395 

68 

.432 

38.6 

68.469 

68.506 

68.543 

68.580 

63.617 

68.654 

68.690 

66.727 

66.764 

68 

.801 

38.7 

68.838 

68.875 

68.912 

68.950 

68.987 

69.024 

69.061 

69.098 

69.136 

69 

.173 

38.8 

69.  ao 

69.248 

69.285 

69.323 

69.360 

69.398 

69.435 

69.473 

69.510 

69 

.548 

38.9 

69.585 

69.623 

69.660 

69.698 

69.735 

69.773 

69.811 

69.848 

69.886 

69 

.923 

39.0 

69.961 

69.999 

70.036 

70.074 

70.112 

70.150 

70.187 

70.225 

70.263 

70 

.300 

39.1 

70.338 

70.376 

70.414 

70.452 

70.490 

70.528 

70.566 

70.604 

70.642 

70 

•  680 

39.2 

70.718 

70.756 

70.794 

70.832 

70.870 

70.906 

70.946 

70.984 

71.022 

71 

.060 

39.3 

71.096 

71.136 

71.174 

71.213 

71.251 

71.289 

71.327 

71.365 

71.404 

71 

.442 

39.4 

71.480 

71.518 

71.556 

71.595 

71.633 

71.671 

71.709 

71.747 

71.766 

71 

.824 

39.5 

71.862 

71.901 

71.939 

71.976 

72.016 

72.055 

72.093 

72.132 

72.170 

72 

.209 

-  121  - 


t,  °c 

.00 

.01 

.02 

.03 

.04 

.05 

.06 

.07 

.08 

.09 

39.6 
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72 
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72.557 

72 
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72.634 

72.673 

72 

.712 

72.751 
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72.829 
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72.945 

72 
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39.8 

73.023 

73.062 
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73 

.375 

39.9 

73.414 

73.453 

73 
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73.532 

73.571 

73.610 

73.649 

73.688 

73.728 

73 

.767 

40.0 

73.806 

73.844 

73 

.883 

73.921 

73.960 

73.998 

74.036 

74.075 

74.113 

74 

.152 

40.1 

74.19 

74.23 

74 

.27 

74.31 

74.35 

74.39 

74.43 

74.47 

74.51 

74 

.55 

40.2 

74.59 

74.63 

74 

.67 

74.71 

74.75 

74.79 

74.83 

74.87 

74.91 

74 

.95 

40.3 
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75 

.07 
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75.19 

75.23 
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Appendix  V 

Solution  of  equation  (57): 

6.80079  x  103  -  £46.2507  x  io6  -  0.683183  x  10s  (R^)  -  100.109)  ]  i 

2 

using 

IBM  G50  computer  program 
SOAP  -  II 
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Appendix  VI 

Computation  of  the  refractive  index  of  air  in  the 
jet  using  IBM  650  Computer. 

(a)  SOAP  -  II 

(b)  Sample  calculation 
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